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Analysis and Suppression of Induced Circulating
Currents in Segmented DWPT Systems With a
Primary-Side LCC Compensation Network

Yongping Yin"¥, Guangyao Li

Shuai Dong

Abstract—In segmented dynamic wireless power transfer
(DWPT) systems, the presence of cross-coupling mutual inductance
leads to the generation of induced circulating current (ICC) in
the inactive rails, resulting in power loss, magnetic field leakage,
increased inverter capacity, and reduced efficiency. To address this
problem, a parameter configuration method based on resonance
tuning coefficient A is proposed. This method effectively suppresses
ICC, reduces inverter capacity, and improves system efficiency. In
addition, it is found that the abnormal drop in inverter current
during A tuning is caused by multiple resonance points at the
inverter input impedance. For scenarios involving multiple power
supply rails (PSRs), it is revealed that under conventional param-
eter configuration method, the ICC exhibits hyperbolic-sine-type
damped diffusion behavior. Building on this, a general circuit anal-
ysis model is proposed for different operating modes of PSR, with
circuit parameters summarized and a design flowchart provided.
Finally, a 12-meter DWPT platform is built to validate the proposed
method, achieving maximum output power of 63.39 kW and system
efficiency of 94.15%.

Index Terms—Cross-coupling, dynamic wireless power transfer
(DWPT), induced circulating current (ICC) suppression, multiple
resonant points, segmented rails.

NOMENCLATURE
MI Mutual inductance.
ICC Induced circulating current.
IAR Inactive rail.
AR Active rail.
PSR Power supply rail.
CPCM Conventional parameter configuration method.
PPCM Proposed parameter configuration method.
A Resonance tuning coefficient.
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1. INTRODUCTION

S anovel energy transfer method, dynamic wireless power

transfer (DWPT) has attracted significant attention in re-
cent years [1], [2]. Compared with traditional wired charging,
DWPT can greatly extend driving range, reduce maintenance
costs, and enhance system safety and environmental adaptabil-
ity. Therefore, it has been widely studied in electric vehicles,
inspection robots, and rail transportation [3], [4], [5].

In DWPT systems, PSRs are generally divided into two
types: long rails [6], [7] and segmented rails [8], [9], [10].
The former has a simple structure and ensures continuous
power delivery during receiver movement without power fluc-
tuation. However, long rails suffer from large parasitic resis-
tance, resulting in low system efficiency and serious magnetic
field leakage [11]. In contrast, segmented PSRs can be selec-
tively activated based on the position of the receiver, which
significantly improves efficiency and reduces magnetic field
leakage.

In segmented PSR systems, rail spacing is a key factor af-
fecting system performance. If the spacing is too large, the MI
between PSR and receiver drops significantly during transitions,
leading to large power fluctuations and reduced stability of
power delivery [5], [12]. Reducing the spacing helps maintain
stable MI and suppress power fluctuations in the transition zone,
but it introduces cross-coupling MI between adjacent rails [9],
[13]. Under this effect, an induced voltage is generated on the
TAR due to the current in the active rail (AR). In low-power or
weak cross-coupling systems, the induced voltage is small and
can be ignored. However, in high-power systems, the current in
the AR is usually large [14], [15], which may cause significant
induced voltage in the adjacent IAR loop, generating large ICC.
This results in increased magnetic leakage and power loss, and
may even pose risks to circuit components and disturb system
operation.

Cross-coupling MI not only causes ICC but also affects the
resonance status of circuits [16], [17]. Most existing studies
focus on mitigating its impact on resonance, while little attention
has been paid to suppressing the ICC. Based on existing studies
on mitigating the cross-coupling MI, methods for suppressing
ICC can be categorized into two types. The first type inserts
switching devices into each rail loop to disconnect IARs through
control logic, thereby blocking the ICC path [9], [18]. The
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second type designs decoupled PSR structures or introduces
decoupling circuits to eliminate the cross-coupling MI effect.

Although inserting electrical switches can theoretically block
the ICC, the switches may generate voltage spikes and elec-
tromagnetic interference, and a complex control system is also
required. In systems with multiple segmented rails, the com-
plexity and cost increase significantly, and reliability becomes a
challenge.

Structural decoupling of PSRs can be achieved by simply coil
overlapping, forming a magnetic coupler similar to the bipolar
coil in static WPT systems [6]. However, due to parameter
asymmetries in practical systems, complete decoupling of PSRs
is difficult to achieve; moreover, the overlapped area may cause
significant power fluctuations at the receiver during transitions,
affecting power stability [9]. In high-power applications, the
overlapping region may also lead to increased local insulation
stress and heat generation. In [10], [19], [20], and [21], bipolar
and unipolar coil overlapping layouts were used to eliminate
cross-coupling MI between PSRs. However, these methods in-
creased the overall volume and weight of the rails and introduced
similar insulation and thermal issues. In [22], a decoupling
structure was achieved by placing a bipolar coil between two
unipolar PSRs. However, this layout requires multiple rails to be
energized simultaneously to ensure stable power delivery, which
increases system cost in long-distance operating scenarios due
to additional coils and frequent switching. Alternatively, decou-
pling transformers can be inserted between PSRs [23], [24].
However, in systems with multiple segmented rails, inserting
decoupling transformers significantly increases the overall cost
and power loss.

It can be seen that existing methods for suppressing ICC
in long-distance and high-power DWPT systems often face
challenges such as high cost and poor reliability. Therefore,
a simple, reliable, and low-cost ICC suppression method is
urgently needed. Meanwhile, in segmented PSR systems, the
movement of the receiver changes the number of ARs and circuit
parameters, resulting in multiple operating modes. However,
studies on the cross-coupling effect and ICC distribution un-
der different operating modes are still lacking, and no unified
analytical model or engineering design guidelines are available.

To address the above-mentioned challenges, the characteris-
tics of ICC and its suppression mechanism are investigated, and
a parameter suppression scheme based on the resonance tuning
coefficient A is proposed in this article. The contributions are
summarized as follows.

1) A suppression method for ICC based on the resonance
tuning factor A was proposed. The PPCM suppresses ICC,
improves system efficiency, and reduces inverter current
and capacity without increasing system cost or altering the
output characteristics.

2) It was found that when the internal resistance of the PSR
loop is small, the inverter input side exhibits multiple
resonance points as the resonance tuning coefficient A
varies.

3) It was revealed that the ICC shows a hyperbolic-sine-type
damped diffusion behavior in systems with multiple IARs
when the CPCM is used.
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Fig. 1. Schematic circuit of DWPT system.

4) A general circuit analysis model for different PSR op-
erating modes was developed. The model calculates ICC,
inverter current, output power, and other circuit parameters
quickly and accurately.

The rest of this article is organized as follows. Section II de-
scribes the system topology and PPCM, and Section III analyzes
the performance of PPCM. Section IV presents the diffusion
behavior of ICC together with the general circuit analysis model.
Section V provides the experimental verification, and Section VI
concludes this article.

II. ANALYSIS OF THE ICC CHARACTERISTICS UNDER THE
CPCM

The basic schematic circuit of the DWPT system used in this
paper is shown in Fig. 1 [25]. The system comprises n PSRs,
labeled L1, Ly, ..., Ly,, and a single receiver coil Ly All
PSRs share one inverter and are controlled by switches S;-S,,.
The LCC-S compensation network is adopted. In Fig. 1, L,2 is
selected as the AR, while the others are IARs. For simplicity,
only a single receiver is considered in this article. It is noted that
the MI of the receiver changes continuously during the transition
between two PSRs. Under series compensation for PSRs, a
small MI results in low inverter input impedance and high
inverter current [3], which may cause damage to the inverter.
In contrast, under LCC compensation for PSRs, the inverter
current increases proportionally with the MI [3]. Therefore, LCC
compensation network is considered more suitable for PSRs in
DWPT systems.

To ensure stable power delivery during receiver transitions,
the spacing between adjacent PSRs is usually small [5], [9]. In
this case, cross-coupling MI exists between adjacent PSRs, such
as M15 and M35 in Fig. 1. In long-distance DWPT systems, the
length of a single PSR is usually greater than 1 m [14], [15].
Under this condition, the cross-coupling MI between nonadja-
cent PSRs becomes very weak and is neglected in this article.
The cross-coupling MI induces voltages in IARs, resulting in
circulating currents, known as ICCs. Assuming the nth rail is
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inactive, the ICC I..,, can be derived based on the MI model and
Kirchhoff’s law [26], as follows:

I — _jWM(nfl)nInfl _jWM(n+1)n[n+1 (1)
where /,,.1 and I, are the currents in the PSRs adjacent to the
nth rail on the left and right sides, respectively, and M(,,1),, and
My 41)n are the MIs from the (n—1)th and (n+1)th rails to the
nth rail, respectively. R, is the equivalent internal resistance of
the nth PSR. X,,,, is

1
w Cpn

where w is the operating angular frequency of the system.
To reduce reactive power and improve efficiency, the CPCM
generally satisfies [27]

1 1 1
Cr=—+—Cpn=—7—, Cs = —+, N*. (3
w2L, P w2 Ly, w2 ne 3)

In this case, the AR current /,, is independent of the load and
is given by

Xpn = jWLpn _j (2)

o Uin
 jwL,

I, “)
where Uy, is the fundamental component of the inverter output
voltage.

Substituting (3) and (2) into (1) yields

_.jWM(nfl)nIn—l - .jWM(n+1)nI7L+1
Ien = .
Ry,

By comparing (5) with (1), it can be seen that (5) represents
the maximum value of (1), which means that the ICC reaches its
highest value when the CPCM is used. In addition, it can be seen
from (5) that the ICC increases as the current in the adjacent
AR increases. In high-power applications, high AR currents
may induce high ICCs in IARs, leading to power loss, reduced
efficiency, increased inverter capacity, and severe magnetic field
leakage. These drawbacks highlight the limitations of the CPCM
and motivate the need for an effective suppression method. To
address this issue, a novel parameter configuration method is
proposed in the following section.

(&)

III. PROPOSED METHOD AND PERFORMANCE ANALYSIS
A. Proposed Method

To reduce the ICC, the expression in (1) is first analyzed.
In general, for a completed system design, the current and
frequency of the AR are fixed, and the cross-coupling MI
typically exists. Therefore, the numerator in (1) is difficult to
adjust. In the denominator, the equivalent resistance R,,,, and the
self-inductance L,,, of the PSR are also difficult to modify. As
aresult, adjusting Cy,,, becomes a viable approach for achieving
better system performance.

As described in Section II when the conventional method is
used, C,, satisfies (3), at which point X,, becomes zero and
the ICC reaches its maximum. When C,, does not satisfy (3),
(1) and (2) show that the magnitude of X,, increases, and the
magnitude of the ICC decreases. For a system with multiple
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Fig. 2. Two PSRs system circuit.

PSRs, the self-inductance of each PSR is usually approximately
equal, and is therefore assumed as L1 = Ly2 = ... = Ly,
= L, throughout this article for simplicity. In this case, the
compensation capacitors C,,, in Fig. 1 can be uniformly set to
the same value, expressed as

Cplchgz...:CPnZ)LCp,HEN* (6)
where A is the resonance tuning coefficient, and C,, satisfies
1
C,=——. 7
P w2, @

It can be seen that A = 1 is a special case, corresponding to
the CPCM. It is noted that when L,. and C, remain resonant,
changing the capacitor connected in series with the PSR does not
alter the PSR current /;,, and the output voltage of the system also
remains unchanged [28]. Therefore, the PPCM preserves the
original system’s constant-current and constant-voltage charac-
teristics.

B. Analysis of ICC Characteristics

To quantitatively analyze the ICC, a two-PSR system as shown
in Fig. 2, is considered, where one rail is active and the other is
inactive. The AR current is denoted as I, the ICC in the IAR as
I, the receiver current as /;, and the cross-coupling MI as M .. It
is assumed that the secondary side is fully resonant, which can
be expressed as

1

s = .
w2l

®)

By reflecting the load impedance to the primary side and
neglecting the secondary side resistance R, the reflected
impedance is given by

(wMps)?
Req

where M, is the MI between the AR and receiver, and Rcq
is the equivalent load resistance Ry,..q referred to the rectifier
input, as shown in Fig. 1.

In this case, the system in Fig. 2 can be equivalently rep-
resented by the simplified model in Fig. 3, where variables
with the subscript “eq” denote the corresponding equivalent
values. The expressions and current conversion relationships are
summarized in Table I.

Rref = 9)
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Fig. 3. Equivalent circuit of the two PSRs system.

TABLE I
VARIABLE CONVERSION RELATIONS

Variable Conyerspn Variable Conyers1qn
relationship relationship

Clml CP R, RF

Lpeq Lp ]ineq [l

Rpeq Rp+(a’Mps)2/ Req  Ipeg 1

Lyo L, I OMpslheq/ Reg

Cpo Cp ceq I

By solving the circuit parameters in Fig. 3 and converting the
results using Table I, the original circuit parameters of the two
PSRs system in Fig. 2 can be obtained. Based on Kirchhoff’s
law, the equivalent circuit in Fig. 3 is modeled as follows:

jwL, + —jwla + R, —rfcr 0

0 —jwM. jwL,o + m + Ry,
_jwlcr £ _jWMc
Iineq Uin
Iheq | = |0 (10)
Leeq 0

where ¢ satisfies

1 " 1
WACheq

§ = jwL, + jwlpeq + 7 + Rpeq- (11)

JwCy

By solving (10), fineq » Ipeq» and I..q can be obtained as
follows:

Ny

Iineq = D, - Uj (12)
—jawL,. (MjRp, — wLyg) + wL

Tpeq = ! 0 LD1 »0) v0) Ui (13)
Aw?L, M. (M(jRy —wL L

g = MG B — o) 0lpo) g gy

Di(A(jwLpo + Ri) — jwLpo)
Ny =22 (jwz(Mc2 — LpoLpeq)
—w(LpoRpeq + LpeqRL) + JRL Rpeq)
+ 4 (2j0® LpoLpeq + w(LpoRpeq + Lpeq Rr))
(15)
D1 =2 (—w®Lyo L2+ jw? (MR, + LI R, — Lo Lpeq v
—w (LpoRpeq + LpeqRL) Rr + jRLRpeq Rr)
+ Aw (LpoRpeq + LpeqRL) Ry
+ A (w?Lpo L2 + 2jw® Lo Lpeq Ry)

— jw?LypoLpeq
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TABLE II
SYSTEM INITIAL PARAMETERS

Variable Value Variable  Value
U 540 V M, 30 uH
2 85kHz M. —0.7 uH
L 13 uH R, 0.020Q
L, 150uH R, 019
L 1004H R 12.16 Q
300
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Fig. 5. Inverter current versus A values.

— jw?LyoLpeq Ry (16)

To verify the accuracy of the proposed model, a set of basic
system parameters is provided in Table II. To ensure consistency
in the data analysis, all subsequent verification procedures are
conducted based on the parameters in Table II. Taking different
values of A as examples, the calculated and simulated values of
1. are compared in Fig. 4. As shown in Fig. 4, the calculated
and simulated values are very close, verifying the accuracy
of the circuit modeling. With the increase of A, the ICC first
increases and then decreases, reaching its maximum at A = 1.
This indicates that the CPCM results in the largest ICC.

C. Abnormal Drop Characteristic of Inverter Current

The inverter current versus A for the circuit in Fig. 2 and
parameters in Table ITis shownin Fig. 5. As A deviates from 1, the
current rises due to the additional reactive power introduced by
detuning. However, a small dip appears near A = 1, where some
A values yield lower inverter current than the CPCM (A = 1).
The observed drop in inverter current is unusual. To investigate
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0(Zn) (°)

Fig. 6. Impedance angle 6(Z;y,,) versus A values.
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Fig. 7. Input impedance |Z;y,| versus A values.

this, the impedance angle at the inverter input 0(Z;y,) (Zi, = Uin
/ I1y) is plotted in Fig. 6.

As shown in Fig. 6, when the resistance Ry, of the IAR is small,
0(Z;,,) crosses the 0° line three times, indicating the presence
of three resonance points. In contrast, when R,, is large, 0(Ziy,)
exhibits only a single zero crossing, corresponding to a single
resonance point. To assess whether other parameters in Fig. 2
affect the number of resonance points, a parameter sweep was
performed by varying the horizontal axis variable in Fig. 6 while
keeping all other parameters constant. The results show that as
longas L,.and C, ,aswellas Ly and Cs ,remain in resonance,
the value of R, solely determines the number of resonance
points. Specifically, when Ry, is below 0.5 €2, three resonance
points consistently appear at the inverter input.

Note that R, denotes the parasitic resistance of the PSR. In
practical segmented rails DWPT systems, R,, is typically below
0.5 Q2 [15], [29], indicating that three resonance points typically
exist at the inverter input.

As shown in Fig. 6, when R,, = 0.1 €2, three resonance points
exist at the inverter input, while only one resonance point exists
when R, = 2 Q. The magnitude of the inverter input impedance
|Zin| versus A for R, = 0.1 Q and R, = 2 Q is shown in Fig. 7.

AsseeninFig. 7, when there is only one resonance point at the
inverter input, |Z;,,| peaks at A = 1, resulting in the lowest inverter
current. However, when three resonance points exist, several A
values lead to a higher |Z;,| than at A = 1, meaning the inverter
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TABLE III
COMPARISON OF SIMULATION PARAMETERS

Parameter A=1 1=0.96
In 2492 A 238.8 A

1, 77.1 A 77.1 A
I 100.8 A 100.9 A
P 123.5 kW 123.5 kW

1. 288.1 A 8.6 A

O Zin) 1.8° 10.7°

current is even lower. Therefore, the observed drop in inverter
current is attributed to the presence of multiple resonance points
at the inverter input. These relationships can be summarized as

{max (1 Zin1] s | Zino| s | Zin2]) = | Zinol

. 17
min ( [Lin1|, [fin1|, [fin2]) = [Tino| 17

where max and min denote the maximum and minimum func-
tions, the subscript O corresponds to the natural resonance point
(A = 1), and the subscripts 1 and 2 correspond to the resonance
points on the left and right sides of the natural resonance point,
respectively.

D. Comparison of Circuit Parameters

Based on the analysis results from Figs. 4-6, when multiple
resonance points exist, #(Z;,,) tends to be capacitive on the right
side of A = 1, which is unfavorable for soft switching. On the left
side of A = 1, there may exist A values that significantly reduce
the ICC, lower the inverter current, and result in an inductive
0(Z;y,). Therefore, in this article, a parameter configuration with
A < 11is adopted to achieve better system performance. For the
parameters in Table II, a comparison of system simulation results
at A = 1 and A = 0.96 is presented in Table III, where P is the
output power.

As shown in Table III, compared with the CPCM, the PPCM
significantly reduces ICC from 288.1 to 8.6 A while maintaining
the same current of transmitter and output power. The inverter
current and required capacity are also reduced. Although 6(Z;,,)
increases slightly, the overall benefit is evident.

IV. ANALYSIS OF MULTIPLE PSRS SYSTEM

A. Analysis of ICC Diffusion Characteristics

To analyze the ICC in IARs, an equivalent circuit with mul-
tiple PSRs is established, as shown in Fig. 8. An example is
considered in which all IARs are placed on the right side of the
AR.

1) ICCs of CPCM: For the CPCM, the number of IARs is
denoted as a, and all cross-coupling MI between rails set to M.
According to the MI model and Kirchhoff’s law, the ICCs in the
right-side TARs satisfy the equations shown in (18).

R, —jwM, 0 e 0
—jwM, R, —jwM, 0
0 —jwM, R, 0

: : : —jwM,
0 0 0 —jwM, R,
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Fig. 8.

Equivalent circuit model with IARs on the right side of the AR.

Icl jwMCIO

1.9 0

Is | = 0 (18)
I, 0

For (18), when the number of IARs is fixed, the ICCs can
be found by matrix inversion. However, this method does not
show how cross-coupling MI affects the ICCs, or how the ICCs
change with the number of IARs. Therefore, it is necessary to
seek a general solution of (18).

Equation (18) can be regarded as a tridiagonal Toeplitz matrix,
which is mathematically equivalent to a boundary-value prob-
lem of a second-order linear homogeneous difference equation.
Accordingly, (18) is transformed into a homogeneous recurrence
relation

Ryl —jwM, (Ic(k—1)+lc(k+1)) =0 (k=2,3,...,a—1).
(19)
Assuming a general solution of the form /., = Ce” (Cis a

constant), substitution yields the characteristic equation
R, — jwM, (7 +¢€7) = 0. (20)

Using the definition of hyperbolic cosine, cosh(y) = (e +e™7)
/2, (20) is simplified

R, — 2jwM,_ cosh(y) = 0. (21)
The solution is obtained as v = 46, 0 is
R,
=cosh™! | —2— 22
0 = cos (2jch> 22)

where 6 is the complex propagation constant of ICCs in IARs,
determined by the rail resistance R,,, the cross-coupling MI M .,
and the angular frequency w.

The general solution can be expressed as

Iy = A% + Be %% (k=1,2,...,a). (23)

With boundary conditions applied, the closed-form solution
of 1. is derived
sinh ((a +1 - k)0)
sinh ((a + 1)0)

I =1Io- . k,aeN*, k<a. (24)
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Fig. 9. Variation of ICCs with different numbers of IARs.

Equation (24) indicates that the ICCs follow a hyperbolic-sine
distribution and progressively diffuse along the IARs. For the
parameters in Table II and different numbers of TARs a, the
corresponding /., values calculated using (24) are shown in
Fig. 9.

As shown in Fig. 9, when the number of [ARs is large, the ICC
gradually decays to zero. However, with fewer IARs, the ICC
propagates in a damped oscillatory manner. A smaller number
of TARs result in stronger oscillations and higher overall ICC.
Moreover, the ICC at the same rail position varies with a. For
example, the third IAR has /.3 = 139.51 A when a = 5, and
I.3 =94.08 A when a = 3.

In actual applications, to improve efficiency and shorten the
power busbars, fewer than ten PSRs are typically powered by
one inverter. Thus, under the CPCM, ICCs in the IARs will
persist. This behavior of ICC can be referred to as the diffusion
characteristic, which physically represents the phenomenon in
multiple PSRs DWPT system where the ICC generated in the
AR is electromagnetically coupled into adjacent IARs, and then
further propagated and attenuated toward farther IARs through
the cross-coupling Mls.

The diffusion characteristic of the ICC increases system losses
and inverter capacity, reduces efficiency, and affects system
safety and lifetime. In practical applications, when the power
level is low or the cross coupling between PSRs is weak, the
ICC may be small and its impact can be approximately ignored.
However, whether this influence can be ignored depends on
the specific design objectives of the system. These objectives
are usually defined by the designer. For example, in a system
with multiple PSRs, the maximum ICC may be required to
remain below one tenth of the current in the AR. In high power
transmission, the maximum ICC may be required to remain
below 10 A, or the loss on IARs may be required to remain below
0.1 percent of the output power. If the ICC becomes excessively
large in practical applications, suppression measures must be
taken.

The following section analyzes how the proposed method
suppresses the diffusion characteristic of the ICC in multiple
PSRs system.

2) ICCsof PPCM: When the proposed method is applied, the
loop impedance of IAR changes from R, to Rj,+jwL,(1-1/4).
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According to (18)—(24), the corresponding general expression
of the ICC can be written as

sinh ((a + 1 — k)0pro)
sinh ((a + 1)0pro)

Iy = 1o - , k,ae N*, k<a (25)

where 0, is

(26)

JjwLy(1 — %) + Ry,
2jwM. '

For a DWPT system with multiple PSRs, after neglecting the
current in adjacent IARs, the current in the IAR closest to the
AR can be obtained from (1) and (6) as

 —jwM,
JwLp(1—3) + Ry

As described in Section III, in a system with two PSRs, the
PPCM can effectively suppress the ICC in the IAR, meaning
that the current in the IAR closest to the AR is greatly reduced.
Therefore, in a system with multiple PSRs, the currents in
the subsequent IARs are usually very small. As a result, /.1
corresponds to the maximum ICC under the PPCM for a given
value of A. The maximum value of (27), denoted as 1.1 max. 18
given by

Opro = cosh™! (

27)

Icl

wM_I
Il max = =P 28
1 R, (28)
Ic1 max corresponds to the maximum ICC under the CPCM.
To evaluate the suppression achieved by the PPCM relative to
the maximum ICC of the CPCM, the attenuation coefficient of
the ICC, ajcc , is defined as
1. R
alcc:I' —_— L—0 @)
Vel L2(1- 1+ R,
A smaller attenuation coefficient of the ICC indicates a better
suppression effect. The quality factor of the PSR is Qr,, = wL,,
!/ R,,. Substituting this into (29) gives

1
arce = B .
\/QLp2(1 - %) +1

Based on (30) the attenuation coefficient ajcc  correspond-
ing to different quality factor of the PSR Oy, can be plotted as
shown in Fig. 10.

In Fig. 10, when A is fixed, a higher Oy, results in a smaller
attenuation coefficient ajcc, indicating a better suppression
effect. Therefore, in practical systems, it is desirable to design
with a larger L, and a smaller R,, . In this case, the parameter
A only needs to be set near 1. When Qy,), is small, however, A
should be set as far away from 1 as possible to achieve better
suppression of the ICC.

Based on (24), (25), and the basic system parameters listed
in Table II, the variation of the ICC under different parameter
configuration methods can be plotted as shown in Fig. 11.

In Fig. 11, the ICC in the IARSs persists when the CPCM is
used. In contrast, with the PPCM, only the first IAR carries a
noticeable current, while the ICCs in the subsequent IARs are
almost zero. Therefore, the PPCM can effectively suppress the
diffusion characteristic of the ICC.

(30)
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Fig. 12.  Different operating modes.

B. General Circuit Analysis Model

When the receiver is in different positions, the operating mode
of PSRs changes, leading to variations in the inverter current
and ICC. Therefore, it is necessary to analyze how the circuit
parameters vary with receiver position. For a single receiver,
four typical operating modes can be summarized, as shown in
Fig. 12, where “1” denotes an AR, “0” an IAR, and “S” the
receiver.

Considering CPCM and PPCM, a total of eight operating
modes need to be analyzed. To simplify the calculations, a
general circuit analysis model is proposed to solve the circuit
parameters for all eight operating modes.

First, based on Kirchhoff’s law and impedance reflection
relationships, the circuits under different operating modes are
equivalently transformed into the general model shown in Fig. 3.
The parameters of the “Equivalent part” in Fig. 3 vary depending
on the operating mode, with the specific values summarized in
Table I'V.



10424 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 6, JUNE 2026
TABLE IV
PARAMETER CORRESPONDENCE FOR THE EIGHT DIFFERENT OPERATING MODES
Mode Model Mode2 Mode3 Mode4
- Con Pro Con Pro Con Pro Con Pro
Creq C, C, C, C, C,/2 C,/2 C,/2 C,/2
Lyeq L, L, L, L, 2L, 2L, 2L, 2L,
M) M) M) M)
Req (oM ) R (oM ) iR (oM,) R, (oM ) R, R, R, R, R
ch ch ch ch
Ly L, L, L,/2 L,/2 L, L, L,/2 L,/2
Go G G 2G, 2G, G G 26, 26,
R, Rir R, Rir// RiL R,/2 Rir R, Rir// Rip R,/2
Iin Tineq Tineq ineq Jineq Tineq Tineq Jineq Jineq
][7 ]Peq Ipeq peq Ipeq ]peq Ipeq ]Peq Ipeq
, oM, I, oM, I, oM, I, oM, I, (M, + oM, )1, (oM, +oM, )1, (oM, +oM, )1, (oM, +oM, )1,
N R, R, R, R, R, R, R, R,
I ex Leeq ex Loeg /2 ex Loeq ex Leeg /2
TABLE V
COMPARISON OF SIMULATED AND CALCULATED VALUES
Mode Calculation value (A) Simulation value (A)
Icmax Con Icmax Pro Iln Con Im Pro Icmax Con Icmﬂx Pro Im Con Iln Pro
100 Mode 1) 72.1 11.7 2355 2375 72.0 11.9 234.8 2369
010 (Mode 2) 288.4 11.7 266.7 2375 288.0 11.6 264.5 236.8
110 Mode 3) 288.6 11.6 252.6 2453 289.0 11.7 2514 245.6
1000 (Mode 1) 149.1 11.7 243.5 2375 149.1 11.9 241.7 236.9
0100 (Mode 2) 288.6 11.7 2514 2375 288.1 119 250.2 236.8
1100 (Mode 3) 72.1 11.7 237.5 2453 24 12.0 237.0 245.6
0110 (Mode 4) 288.6 11.7 267.0 2452 289.0 11.7 266.9 2454

Next, using the KVL equation given in (10), lineq, Ipeq. and
Iccq can be calculated as shown in (12)—(16).

Finally, the actual values of I;,,, I, I ;, and /. for each operating
mode can then be derived from fineq, Ipeq> and Iceq through
conversion. The conversion relationships are also summarized
in Table IV, where “Con” denotes the conventional method and
“Pro” denotes the proposed method.

In Table IV, M5 and M, represent the MI between the
receiver and the adjacent left and right ARs, respectively. “ex”
indicates that the ICCs in the left and right IARs need to be
expanded and calculated using (24). R, is the total equivalent
resistance reflected to the primary side when two PSRs are
active. Ry, and Ry are the left and right IAR resistances
reflected to the nearest AR under the CPCM, given by (31) and
(32), respectively

Ry = 2Rp + (prls + WMprs)z/Req — 2jwM. @D
_ . sinh((ar,—1)0)
RLL = Rp - jchW (32)

Rip = Ry — jw M2 {e
where a, and ap represent the numbers of IARs on the left and
right sides of AR, respectively. 6 is calculated according to (22).

In summary, for each operating mode shown in Fig. 12, the
corresponding inverter current, ICC, and load current can be
obtained by substituting the equivalent circuit parameters from
Table IV into (12)—(16) and (24).

To verify the accuracy of the proposed general circuit analysis
model, simulation is performed for systems with three and four
PSRs. For simplicity, it is assumed that the total MI (M
+ My,s) in the two-AR operating mode is equal to the MI
(M) in the single-AR operating mode. The system parameters

are consistent with those in Table II. The inverter current and
the maximum ICC under different modes are summarized in
Table V. A = 0.97 is used for the proposed method.

As shown in Table V, the simulated and calculated values
of the inverter current and ICC closely match, validating the
accuracy of the proposed general analysis model and the pa-
rameter relationships summarized in Table IV for various PSR
operating modes. Furthermore, compared with the CPCM, the
PPCM significantly reduces the peak ICC from 289 to 11.7 A
and maintains stable peak values around 11.9 A across different
operating modes.

C. Design Method of A

The main differences between CPCM and PPCM are inverter
capacity, ICC, system efficiency (dc—dc efficiency), and inverter
input impedance angle. The system efficiency 74c-qc 18 calcu-
lated by

""DCc—-DC = Tinv

Isz ' Req

IS 2 2 e
S Linj® Re + 1,2 Ry + L2 - Req +

Jj=1

k=p
Z Ick'2 ’ Rp
k=1

(33)

where 7, and n,.. are the efficiencies of the inverter and
rectifier, respectively; « is the number of ARs (o = 1 or 2);
[ is the number of IARs (3€N*); and .., is ICC in the kth IAR.

For CPCM and PPCM, /,, and I, are the same, so the rectifier
efficiency is identical. Assuming the inverter efficiency remains
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Fig. 13.  Three metrics versus A values.

constant under high-power output, the efficiency difference be-
tween the two methods lies in

Jj=o k=p
> LR+ > Ia’ - Ry (34)
j=1 k=1

It can be seen that the system efficiency is mainly affected
by the inverter current and ICC. Therefore, I, I, and 0(Z;,)
are used to evaluate the performance of PPCM. As shown in
Table V, I;,, varies under different operating modes. Considering
the entire operating process, the average /;;, is defined as

J Tingi) “ )
ta) tte) e +ia)’

Iin(avg) = 1=1,2,3,4 (35)

where Ii,,(;) and #(;) are the inverter current and operating time
for the ith operating mode.

To simplify system parameter design, it is assumed that the
system operates for a duration ¢ in each single-AR mode and for
et in each two-AR mode. Considering that the transition time is
relatively short, ¢ is set to 0.2 in this article.

A design example is provided for a four-PSR system, with
parameters consistent with those in Table II. Based on Table V
and (35), the average inverter current under the CPCM is 246.1
A. Assuming the target maximum ICC (I.4.max) is 10 A and the
maximum inverter input impedance angle 6 ;. (Zin) is 20°.
The corresponding curves of 0 4-max(Zin), I cd-max»> and Iin(avg)
versus A are shown in Fig. 13.

According to Fig. 13, A values in the range of 0.9572 t0 0.9653
satisfy all three design criteria. As A increases, the inverter input
impedance angle 6(Z;,,) and inverter capacity decreases, Con-
versely, decreasing A results in a lower ICC, which helps reduce
unnecessary losses in IARs. Considering the tradeoff between
these factors, a value of L. = 0.96 is selected as a balanced choice.
Since this value lies within the common feasible region, both the
inverter current and the ICC remain lower than those obtained
with the CPCM. Furthermore, as indicated by indicated by (34),
the PPCM also achieves higher system efficiency.

Based on the above-mentioned design procedure, the overall
design flowchart is summarized in Fig. 14.
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V. EXPERIMENTAL VERIFICATION

A. Experimental Prototype

To verify the effectiveness of the PPCM, experimental vali-
dation was first carried out using a two-PSR system as shown
in Fig. 2. The experimental setup for the DWPT system of port
transportation equipment is presented in Fig. 15. Since different
types of magnetic couplers can all be represented using the
self-inductance and MI parameters shown in Fig. 1, the ana-
lytical method proposed in this paper is universally applicable
to various magnetic couplers. Therefore, a simple unipolar PSR
was adopted in this article [5].

The length of PSR is 12 m, with a spacing of 20 mm. The
receiver length is 1.2 m, and the transmission gap is 30 mm.
The inverter frequency is 85 kHz. Other detailed parameters are
listed in Table VI. By calculation, i, (avg) = 156.6 A is obtained,
with 0 g_ax(Zin) = 20° and 1 .4_ax = 10 A set. Substituting the
measured system parameters into the design flowchart in Fig. 12
yields a feasible A range of 0.965-0.972, from which A = 0.97
is chosen for the experiment.

To verify the characteristic of multiple resonance points in
the inverter input impedance, the impedance analyzer (Keysight
E4990A) was used to measure the frequency response of the
impedance angle shown in Fig. 16. The measurement was taken
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TABLE VI
EXPERIMENTAL PLATFORM PARAMETERS

Variable Value Variable  Value

Ly 1333 uH  Cy 263.1 nF
Ly 1345uH  Cp 261.5 nF
Ly 1603 uH  Chp-1y 23.31 nF
Lpz 158.6 ILIH sz(),:l) 23.61 nF
LS 93.65 IUH Cpl(;,: 0.97) 22.88 nF
Mg 2516 uH  Cyp=097y 22.63 nF
M, —0.73 uH s 37.42 nF
R 0.152Q Ry 0.147 Q
Ro 0.167 Q Ry 0.138Q
R 0.88 Q R 152Q

2
3

IS
S

)
S

o

)
S

Inverter impedance angle (°)
LoL
s

-60

80 81 82 83 84 85 86 87 88 89 90

Frequency (kHz)
Fig. 16. Inverter input impedance angle versus frequency.
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Fig. 17.  Comparison of simulated and measured parameters for different A
values. (a) Inverter current. (b) ICC.

with the receiver open-circuited and the initial parameter set to A
= 1. It can be observed that the measured input impedance angle
of the inverter has three zero-crossing points, corresponding to
frequencies of approximately 84.8, 85, and 85.2 kHz. Accord-
ing to (12), the real and imaginary parts of the inverter input
impedance can be altered by adjusting the parameter A, which
in turn causes shifts in the resonance frequencies. This verifies
the multiresonance point characteristic of the proposed system.

B. Comparison of the Configuration Methods

To verify the ICC suppression effect of the proposed method,
the inverter current and ICC under A = 1 and A = 0.97 were
compared. The results are shown in Fig. 17.

As shown in Fig. 17(a), the simulated and measured in-
verter currents agree well. The inverter current under PPCM
(A =0.97) is consistently lower than that under CPCM (A = 1),
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indicating that the PPCM effectively reduces the inverter current
and capacity. Fig. 17(b) shows that the simulated and measured
ICCs are also close. The PPCM significantly reduces ICC. For
example, when the inverter voltage is 300 V, the measured ICC
is 96.13 A under the CPCM, while it is only 5.87 A under the
PPCM. In this case, the ICC of CPCM is too high for the PSR to
operate continuously. A comparison of circuit responses at 300
V inverter voltage for both configurations is shown in Fig. 18.

As shown in Fig. 18, the PPCM still significantly reduces
ICC. Moreover, compared with the CPCM, the inverter current
decreases from 87.05 to 83.87 A under the PPCM. However,
a slightly larger input impedance angle is observed, with the
inverter voltage peak rising from 316 to 378 V.

The load power and system’s dc—dc efficiency curves for the
two parameter configuration methods are shown in Fig. 19.
As presented in Fig. 19, when the inverter voltage is 300 V,
both parameter configuration methods achieve an output power
of approximately 19.6 kW. However, the PPCM improves the
system efficiency from 92.16% to 93.83%. According to (34),
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this improvement mainly results from the reduced ICC and
inverter current.

In summary, the PPCM not only significantly reduces ICC but
also lowers the inverter current and capacity while improving
the overall system efficiency. The maximum output power, peak
system efficiency, and ICC achieved using the PPCM are shown
in Fig. 20.

As depicted in Fig. 20, the PPCM achieves a maximum output
power of 63.39 kW, a peak efficiency of 94.15%, and a maximum
ICC of only 9.76 A.

C. Verification of ICC Diffusion Characteristics and General
Circuit Analysis Model

To verify the diffusion characteristic of ICC, a 24-m test
platform with four PSRs was built, as shown in Fig. 21.

The ICC parameters for A = 1 and A = 0.97 under Mode 1
operation (see Fig. 12) with an inverter output voltage of 300 V
are shown in Fig. 22 for comparison.

As demonstrated in Fig. 22, the CPCM and the PPCM achieve
similar output power, while the proposed method provides
higher system efficiency and lower inverter current. In addition,
under the CPCM, ICC (I.1, I.2, and I.3) persists along IARs,
confirming its diffusion characteristic. In contrast, the PPCM
effectively suppresses ICC, making it negligible in subsequent
rails. These results demonstrate the effectiveness of the PPCM
in limiting ICC diffusion.

The accuracy of the general circuit analysis model was ver-
ified by comparing the maximum ICC, inverter current, and
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TABLE VII
COMPARISON OF CALCULATED AND EXPERIMENTAL VALUES UNDER
DIFFERENT OPERATING MODES

Mode Model Mode2 Mode3 Mode4
Lmax-cal 6.04 A 6.04 A 6.04 A 6.04 A
Lemax-€Xp 593 A 572 A 5.88A 6.33 A

I,-cal 79.78 A 79.77 A 79.17 A 79.15 A

L,-exp 84.73 A 8541 A 83.68 A 8233 A
Py-cal  2032kW  20.32kW  18.89kW  18.89 kW
Py-exp 2048 kW 20.63kW  19.27kW  19.04 kW

output power under different operating modes between the cal-
culated and experimental results. The comparison is presented
in Table VII, where “cal” denotes the calculated values from
Table IV and “exp” denotes the experimental values.

According to Table VII, good agreement is observed between
the maximum ICC and output power calculated by the proposed
general circuit analysis model and the experimental results. Al-
though slight deviations appear in the calculated inverter current,
the overall values remain close. Therefore, the proposed general
circuit analysis model can accurately predict the ICC, inverter
current, and output power.

D. Verification of DWPT

When the receiver reaches the end of the first PSR, the second
PSR is activated. Under the PPCM, the inverter voltage and
current during the transition from the first to the second PSR
are shown in Fig. 23. Fig. 23(a) presents the waveforms of the
inverter voltage U;, and the total inverter current ;,, , while
Fig. 23(b) shows the waveforms of the inverter voltage Ui,
together with the inverter current of the first PSR (/,; ) and
the inverter current of the second PSR (/2 ).

From Fig. 23(a), it is observed that when the receiver tran-
sitions from the first PSR to the second PSR, the inverter
current exhibits only minor fluctuations, with values of 18.39 A
before switching and 18.87 A after switching. Fig. 23(b) shows
that during the transition, the inverter current of the first PSR
decreases gradually while that of the second PSR increases. A
magnified view further confirms stable operation, as the inverter
currents before and after switching remain close, at 16.87 and
17.47 A, respectively. These results demonstrate that the system
maintains stable inverter current and ensures good parameter
stability during dynamic transitions.
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VI. CONCLUSION

A parameter configuration method based on the resonance
tuning coefficient A has been proposed for the suppression of
ICC in segmented-rail DWPT systems. It effectively reduces
ICC without compromising output power or increasing system
cost, while also lowering inverter capacity and improving ef-
ficiency. An abnormal drop in inverter current was observed
during X tuning. Analysis revealed that this phenomenon results
from the presence of multiple resonance points at the inverter
input. In systems with multiple PSRs, the conventional method
causes a hyperbolic-sine-type diffusion of ICC, whereas the
proposed method effectively suppresses it. A general circuit
analysis model was developed for eight rail operating modes.
Circuit parameter expressions were derived and summarized
for various operating modes, which simplifies modeling and
improves engineering applicability. Based on the general circuit
analysis model, a parameter design method for the resonance
tuning coefficient A is presented.

Experimental results on a 12-m DWPT platform show that
at 63.39 kW output, the ICC is 9.76 A and efficiency reaches
94.15%. At 19.6 kW output, the proposed method improves
efficiency from 92.16% to 93.83%, lowers inverter current from
87.05 to 83.87 A, and reduces ICC from 96.13 to 5.87 A com-
pared with the conventional method, confirming its effectiveness
and performance advantages. To verify the diffusion character-
istics of ICCs and the accuracy of the general circuit analysis
model, an experimental platform consisting of four rails with a
total length of 24 m was built. The experimental results show
that the proposed method effectively suppresses the diffusion
of ICCs, and the proposed general circuit analysis model can
accurately calculate the ICC, inverter current, and output power.
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