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Parametric Study of Transient Dynamics of
Multitransmitter Dynamic Wireless Power
Transfer for Linear Transport Systems
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Abstract—Dynamic wireless power transfer (DWPT) addresses
the power supply limitations of magnetically levitated transport
systems reliant on rigid cables, yet receiver motion introduces
undesirable power fluctuations due to transient coupling variations
between segmented transmitters and receivers. While prior studies
focus on steady-state output dependence on coil positions, they over-
look transient dynamics under multicoupling changes. This article
bridges this gap by developing a transient model using the extended
describing function method to capture multi-coupling effects, ex-
tracting dominant poles and mode frequencies. By decomposing
nonlinear coupling coefficient variations into sinusoidal inputs
linked to motion speed, the model reveals that the dominant mode
frequency significantly exceeds the coupling variation frequency,
suggesting a response closely aligned with steady-state behavior.
This enables a detailed parametric study of motion speed, output
filter capacitance, start-up acceleration, input voltage, and load
resistance, precisely quantifying their impacts on inverter current
fluctuations and output voltage stability across diverse operating
conditions. Experimental results obtained under various values of
these parameters on a DWPT test platform demonstrate strong
agreement with the model predictions. These findings confirm the
model’s accuracy and practical value for guiding system design and
improving overall performance.

Index Terms—Dynamic wireless power transfer (DWPT), linear
transport system, transient analysis.

I. INTRODUCTION

AGNETICALLY levitated transport systems, as a novel

linear transportation solution, offer high precision, low
noise, and reduced maintenance, making them ideal for semi-
conductor and printed circuit board manufacturing [1], [2].
However, using rigid power cables restricts flexibility and in-
creases wear. As shown in Fig. 1, dynamic wireless power
transfer (DWPT) alleviates these issues by sequentially placing
transmitter coils along the track to wirelessly power the levitated
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Fig. 1. Magnetic levitated transport system with dynamic wireless power
transfer for mover power supply [3].
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Fig. 2. Common DWPT structures. (a) Long-track-loop structure. (b) Short-
individual structure.

mover, thus eliminating cables and simplifying maintenance [3],
(4], [5], [6].

Existing DWPT systems predominantly adopt either a long-
track-loop structure [7], [8] or a short-individual structure [9],
[10], [11], as shown in Fig. 2. Unlike the long-track-loop design,
where the transmitter coil is typically tens of times longer than
the receiver coil, the short-individual structure features trans-
mitter coils with lengths generally ranging from one to several
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times that of the receiver coil. The short-individual design allows
more continuous and stable power transfer, reduces parasitic
resistance and electromagnetic interference [12], and allocates
an independent compensation network to each transmitter coil.
Such a configuration improves efficiency, streamlines mainte-
nance, and enhances scalability [9], making short-individual
design well-suited for linear transport. However, in this scenario,
the coupling coefficient between transmitter and receiver coils
varies with their relative positions, causing voltage and current
fluctuations [13], [14]. Overcurrent stresses the switching de-
vices, while high voltages on coils and resonant capacitances
may damage components or compromise system stability. Ad-
dressing these risks often requires higher-rated devices, raising
overall costs.

Although numerous control strategies have been proposed to
mitigate these fluctuations, most rely on steady-state or quasi-
steady-state models [15], [16], [17], [18], [19], which treat the
static operating value under each position-dependent coupling
coefficient as the transient operating point of the DWPT system.
Such approaches assume slow or constant coupling variations
and do not adequately capture the transient behavior induced
by receiver coil motion or rectifier dynamics. Additionally, un-
like electric vehicles demanding constant-current output, linear
transport systems require constant-voltage output, which entails
higher sensitivity to parameter variations and narrower tolerance
margins.

Key factors influencing the transient response include motion
speed, start-up acceleration, output filter capacitance, input volt-
age, and load resistance. The output capacitance determines the
smoothness of the output voltage and current, while the motion
speed affects the frequency of coupling coefficient variations.
Frequent start-stop operations highlight the role of start-up
acceleration in shaping the initial transient process. Variations in
input voltage directly influence the system’s overall energy level
and the amplitude of dynamic responses, whereas load resistance
determines the output power demand and further affects inverter
current fluctuations and voltage stability. However, existing
studies [15], [16], [17], [18], [19] have paid insufficient attention
to the effects of these parameters on the output characteristics,
and motion-induced transients remain inadequately explored.

Hence, an appropriate transient model is essential for accu-
rately representing DWPT system dynamics during the move-
ment of the receiver coil. Most existing WPT modeling studies
focus on static scenarios [20], [21], [22], [23]. Methods based
on large-signal models [21], [24] can capture comprehensive
nonlinear switching characteristics and handle wide-range dis-
turbances, but often entail high computational costs and com-
plex simulations, especially for multi-coil systems with rapidly
varying coupling. They also lack a clear frequency-domain
perspective for stability analysis. Meanwhile, envelope models
assume ideal resonance and ignore high-frequency harmonics
[25], thus simplifying slow-varying envelope analysis. However,
these models lose accuracy under detuning and still require
linearization for control design. Furthermore, these approaches
primarily incorporate inputs such as voltage, duty cycle, load,
or switching frequency, without in-depth examination of how
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coupling coefficient variations during motion affect system per-
formance.

Li et al., [26] introduced “coupling coefficient sensitivity”
to investigate transient effects under step changes in coupling,
but that work remains limited to single-transmitter configura-
tions. It does not address the modeling complexity that arises
when multiple coils and mutual coupling paths substantially
increase system order, nor does it consider the influences of the
circuit parameters or motion speed. Liu et al., [27] derived the
transfer function model relating receiver coil voltage to receiver
coil current and rectifier input voltage based on near-constant
transmitter coil current and an ideal resonant phase assumption,
without accounting for the transient response on the transmitter
side. Moreover, similar to [24], that study primarily analyzed the
effects of the motion speed through experimental observations
or simulation, lacking an appropriate analytical framework to
quantitatively assess how the motion speed impacts system
dynamics.

In summary, it is imperative to develop a transient model that
accurately simulates the response of multitransmitter DWPT
systems to positional variations between the receiver coil and
multiple transmitter coils. Such a model should theoretically
establish a link between motion speed and dynamic characteris-
tics, thereby elucidating system response under various motion
speeds and circuit configurations. To address these challenges,
this article proposes a small-signal model for multitransmitter
DWPT systems that treats cross-coupling coefficients as system
inputs, preserving the essential coupling dynamics. Further-
more, we employ Fourier decomposition to convert the nonlinear
variations in coupling coefficients into sinusoidal inputs that are
correlated with the receiver coil’s motion speed, thus determin-
ing the highest frequency of the input signal. Our analysis reveals
that the dominant modal frequency is significantly higher than
the frequency of coupling variations, indicating that the overall
system response closely approximates steady-state behavior.

By leveraging this low-frequency approximation, we apply
frequency-domain techniques to conduct a detailed paramet-
ric study of motion speed, output filter capacitance, start-up
acceleration, input voltage, and load resistance. This analysis
quantitatively evaluates their impacts on inverter output current
fluctuations and rectifier output voltage stability with high pre-
cision. The results indicate that these parameters all have signif-
icant effects on the inverter output current, with the fluctuation
amplitude exhibiting linear correlations with each parameter.
In contrast, the rectifier output voltage is primarily affected by
input voltage and remains largely insensitive to variations in the
other parameters. Experimental results obtained from a DWPT
test platform with controllable speed and start-up acceleration,
and conducted across a wide range of parameter values, show
strong agreement with the model predictions, further confirming
the accuracy and practical value of the proposed approach in
improving system performance.

Overall, by integrating speed effects into the transient model,
this study elucidates DWPT systems’ output fluctuation mecha-
nisms and evaluates how key parameters govern system dynam-
ics. Experimental findings confirm the model’s effectiveness in
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capturing parameter-dependent responses. The main contribu-

tions are as follows.

1) Developed a transient model for multitransmitter coil
LCC-S topology DWPT systems based on the extended
describing function (EDF) method, enabling the capture
of multicoupling effects.

Proposed a frequency-domain analysis framework based

on Fourier decomposition that correlates motion speed

with system input frequency, thereby enabling accurate
transient response prediction and analysis.

3) Identified the impacts of motion speed, start-up acceler-
ation, output filter capacitance, input voltage, and load
resistance on inverter output current iy fluctuations and
rectifier output voltage v, stability, offering reliable
reference for parameter design in DWPT systems.

2)

II. DYNAMIC ANALYSIS OF THE DWPT SYSTEM

In short-individual DWPT systems, multiple transmitter coils
are installed beneath the track. As the receiver coil moves along
the path, it primarily couples with the two nearest transmitter
coils, while the coupling with other coils can be neglected [27].
Meanwhile, to improve system efficiency, the transmitter coils
are sequentially activated and deactivated based on detection
signals, typically following a switching strategy in which no
more than two coils are energized at any given time [28], [29].
As a result, the entire DWPT process can be regarded as a
continuous repetition of the receiver coil moving from the center
of one transmitter coil to the center of the next, thereby enabling
stable power delivery. Hence, the system exhibits modularity
and periodicity. Based on this observation, this article simplifies
the modeling process and reduces computational complexity by
analyzing the coupling behavior among two transmitter coils
and one receiver coil within a single motion cycle.

Currently, common compensation network topologies for
WPT include series—series (SS), series—parallel (S-P), parallel—
parallel (P-P), double-sided inductor-capacitor-capacitor (LCC),
and inductor-capacitor-capacitor-series (LCC-S) compensation
topologies [30], [31], [32]. Among these, LCC-S topology is
particularly suitable for WPT systems with multiple transmitting
coils because it offers higher design flexibility and reduces
current stress [33]. Meanwhile, the constant voltage output
characteristic of the LCC-S topology can also meet the power
supply requirements of the linear transport system. Therefore,
this article chooses the LCC-S topology to investigate the short-
individual DWPT system. The modeling and analysis methods
presented can also be applied to other topological structures.

Fig. 3 shows the multitransmitter LCC-S DWPT system,
including two transmitter coils and one receiver coil. The two
transmitters have the same compensation topology. Ly, 1, L2, and
L, represent the self-inductance of the two transmitter coils and
the receiver coil, respectively. R,1, Ry, and Ry are the internal
resistances of the corresponding coils. My and M, represent the
mutual inductance between each transmitter coil and the receiver
coil, while M, represents the mutual inductance between the two
transmitter coils. Ly, Cy1, Cp1, Ly2, Cyo, and Cp form the LCC
compensation networks for the two transmitter coils. Cy is the
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Fig. 3.

Circuit topology of LCC-S DWPT system.

compensation capacitance for the receiver coil. C, is the output
filter capacitance. R, is the load resistor. The ON-resistance of the
MOSFETS Q1—Q4 on the primary side is R 45. The forward voltage
drop of the rectifier diodes D1—D,4 on the secondary side is V.
ip1 and i,o are the currents through the two transmitter coils.
ir1 and ipp are the currents through Ly and Ly, respectively. iy
is the output current of the full bridge inverter. i, is the input
current of the rectifier. v; is the output voltage of the rectifier.
Vo is the input voltage of the full bridge inverter. vy and vy, are
the voltages across Cy; and Cyo, respectively. v,,q and vo are
the voltages across C,; and C)o, respectively, while v, is the
voltage across Cs. v, is the voltage across C,, which is also the
load voltage vout- Vin is the power supply voltage. Considering
the modular design of the system, we define L¢; = Ly = Ly, Cyy
=Cp=CpCp =Cpo=Cyp,Lp1 =Lps =Lp,and Rp1 = Ry»
=R,.

A. Nonlinear State-Space Equations

Applying KVL to the circuit in Fig. 3, the following is
obtained:

Lfi,fl =V —Uf1 — 2Rgs (ifl +if2)

Lfi/fQ =V —Vf2 — 2R4 (ifl + ifg)

Lpi;ﬂ — Mll; + Mpi;ﬂ =Uf1 — Up1 — Rpip1 .
Lpi;ﬁ — Mgi; + Mpi;ﬂ = Vg — Upa — Rpipg
Mli;ﬂ + Mgi;Q — Lﬂ{s = vs + vy + Rsis

ey

Mutual inductances are expressed in terms of the coupling
coefficients as follows:

My = ky\/I, L,
My = ky/TpLs -

My = kyLy

@)

Substituting (2) into (1), the solutions can be obtained as
follows:

i1 =[v1 —vp —2Ras (ip1 +ig2)]/ Ly

i'y2 = [v1 —vp2 = 2Ras (iy1 +ip2)]/ Ly

i/pl = [( — k%) steql + (klkg — kp) LSUeq2
+ (k?l — k‘g/{ip) \/LpLSUeqo] /Leqm

i/pg = [(1 — k%) Ls’l}eqz + (klkg — kp) steql
+ (k2 - k'lkp) \/ LpLsUer] /Leqm

i's = {/LpLs [(k1 = k2kp) veqr + (k2 — k1kp) Veq2]
+ (1 - kﬁ) Lp”eqo}/Leqm

3)
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where

Veql = Rpipl + Up1 — Vg1
Veq2 = Rpip2 + Vp2 — Vy2 @)
Veqo = Vs + V2 + Rgis '
2
— kp) L,L

Leqm = - (1 - k% — If% + lekgkp

Applying KCL to the circuit in Fig. 3, the following is ob-
tained:

1o (pi—ip1)
Vr1 = T

v — (if2—ip2)
f2= Gy

;o ipl

o, = Wt

Pl G . 5)
o — 2

P2 T C)p

) g

Vg =&

vl — fial _ _wew
cr = ¢, ~ C.RrL

Equations (3) and (5) together constitute an accurate nonlinear
state-space model of the LCC-S DWPT system shown in Fig. 3.

B. Harmonic Approximation

The state-space representation mentioned above contains both
linear and nonlinear terms. However, due to the presence of ac
components, it is difficult to locally linearize the state equations
to obtain a small-signal model. The state variables in the com-
pensation network exhibit nearly sinusoidal waveforms because
the switching frequency is close to their resonant frequency
[26]. Therefore, these variables can be analyzed using the funda-
mental harmonic approximation (FHA). By employing the EDF
method in papers [23], [26], [34], [35], and [36], these variables
can be approximated as the sum of sinusoidal and cosine terms

x = g sin(wst) + . cos(wst) (6)

where w; is the switching angular frequency, x can be ify, i, if,
ipls ip2s Lsy VI, V2, Vpls Vp2, and vs.
The derivative of x is

1 = (2, — weze) sin(wst) + (). + wszs) cos(wst).  (7)
The resonant network is tuned to a frequency that permits
only the fundamental frequency while suppressing all higher
harmonics. Therefore, the nearly square waveforms of v; and
vy can be approximated using the FHA concept by neglecting
the higher harmonics, and represented by their fundamental
components as follows [34]:
2V, sin (wst) (8)

4
vy = —Vip sin (wst)
T

ve = sgn (i) (vor + 2Vr)
4 g (UCr + QVF)

= -2 = 74 St
- o sin (wst)
4 se (Vo + 2V
MCOS (wst) )
77' ?speak

where ispcak 18 the peak value of i

ispea.k =V ’Lzs + ch

(10)
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By substituting (6)—(10) into the nonlinear state-space model
obtained in the previous section, and noting that the coefficients
of the sine and cosine terms on both sides of the equations are
equal due to harmonic balance, a new set of equations is obtained

— VUfls — 2Rds (ifls + ZfQS)}/Lf +wsiflc
[ vflc - 2Rds (iflc +7ff2c)]/Lf _wsifls
f2s = [‘/e Vfas — 2R (ifls + Zf25)]/Lf +ws7;f2c

1 f2c = [ Vf2e — 2Rds (Zflc + 7/f2c)]/Lf - wSZfQS
1 pls = [(1 k%) L Ueqls (klkg — k )L Ueq2s
+ (kl - k2kp) \/ LpLsUerS]/Leqm + wsiplc
T ple = [(1 - k%) steqlc + (klkZ - kp) steq2c
+ (k'l - k'Zk'p) \ LpLs'UerC]/Leqm - wsipls
(11
-/ _ 1.2 _
1 p2s = [(1 kl) LSUCQQS + (kle kp) stcqls
+ (kQ - klkp) vV LpLs’UeQOS} /Leqm + Wsip2c
1 p2c = [(1 - k%) steq2c + (klkZ - kp) steqlc
+ <k2 - klk ) \V L sterC}/Leqm - wsip28
i,ss - {\/ LpL [(kl ka )veqls + (kQ - klkp) vqus]
+ (1 - k?)) Lp”ers}/Leq7rz + wsisc
i/sc - { Lp s [(kl - k2kp) Veqlc + (kQ - klkp) Uquc}
+ (]- - k[%) vaerc}/Leqm — Walss
(12)
'U/fls = (Zfls Zpls)/cvf + WsVfle
U/flc (Zflc_lplc)/cf — WsUf1g
U/f25 = (Zf2s ZpQS)/Cf + WsVf2,.
V' p2e = (if2e — ip2c)/ Cp — wsvga,
rU,pls iplg/c + wsvplc
'U,plc Zplc/c wsvplg (13)
’l}/pgs = ZPQS/C + WsUp2,.
/p2c - Z;1)2(:/6' wsvp25
V'ss =155/ Cs + Wssc
Ve = Zsc/c — WsUss
rU,C’r - 2Z~3peak/ (7TC ) - UCT‘/ (OT‘RL)

The nonlinear (11)—(13) constitute the simplified state equa-
tions of the DWPT system. At this point, the state variables are
redefined as follows:

X = [ifls iflc Z-f2s ifQC Z-pls iplc iPZS ip2c iss isc

T
Vfls Uflc Uf2s Uf2c Upls Uple Up2s Up2c Uss Usc UCT‘] .

(14)

C. Steady-State Model and Linearized Small-Signal Model

During the motion process of DWPT, a small-signal model
can be derived by introducing a small perturbation k around
the steady-state coupling coefficient K. The perturbation kwill
cause each state variable to change, represented as its steady-
state value and its small-signal component:

To obtain the linearized small-signal model, the nonlinear
terms in (12) and (13) need to be linearized around a specific
steady-state operating point. By applying Taylor’s Theorem
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and retaining the steady-state values and the first-order Taylor
polynomial, the linearized model can be derived

1/ Legm ~ —1/ KegmLyLs — 2 {(K1 — Ky K,) by
+ (Ky — K1 K,) ko + (Kp — K1K3) l%p] /KeqmszLs

@ fpeak ™~ I fpeak + [Ifs (%fler’zfzs) +1y. (%fchr%fzc)} /preak
iss (Ver + 2VF)/i5peak ~ I (Vor +2Ve + @cr)/-rspeak

- (Ver +2Vir) (Pt = LosTocise ) [ e
ise (Ver + 2VE) [ ispeak = Lse (Ver + 2VE + Der) [ Lspeak

+(‘/cr + 2VF) <I\323:L\S(' - Isslsc%s(s:)/l3

speak
(16)
where

a7

By substituting (15)—(17) into (12) and (13), then separating
the steady-state components from the small-signal components,
the linearized small-signal model is obtained in the matrix form
(18). The steady-state values in A, B, and C can be solved
through the separated steady-state component equations

Kegm =1— K} — K3 4 2K1 K3 K, — K.

4~ A%+ BE.
dt
Since we mainly focus on the primary side inverter output
current iy and the secondary-side rectifier output voltage vout,
the system’s output equations can be represented in the following
matrix form:

(18)

v = [iil’”“} = Cxk. (19)

Vout
The coefficient matrices A, B, and C are provided in the
Appendix. At this point, the state variables are transformed
into their small-signal components, denoted as X, expressed as
follows:

X = I:ifls Z'flc if?s if?c Z.pls iplc 7/-1)28 Z.112(: iss isc

(20)

~ ~ ~ ~ ~ ~ A ~ ~ ~ ~ T
Vfls Uflc Vf2s Vf2e Upls Uple Up2s Up2c Uss Usc UCT]

Similarly, the input variables are transformed into their small-
signal components, denoted as k, expressed as follows:
N A A A 4T
k= [k ko Fky 2n
By transforming (1 8) and (19) into the s-domain, the transfer
functions from k to % spcax and ¥,,,¢ can be obtained, which are
expressed as follows:

Gine (s) 2 fk(i()) —[1 0]C(sI-A)'B
Gvk (S)

S %) — 0 1 C(sI-A)'B
Where Gk (s) comprises the transfer functions G 1 (s), Gyr2(s),
and G ,(s), which correspond to k1, kg, and kj, t0 vy, respec-
tively. Similarly, Giac(s) includes the transfer functions G;1 (s),
Gifr2(s), and Gyp(s). Overall, the modeling process introduced
in this section is illustrated in Fig. 4.

(22)
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Fig. 4. Flowchart of the modeling process.
TABLE I
PARAMETERS OF THE LCC-S DWPT SYSTEM
Parameters Values Parameters Values
Vin 100 V | 140 kHz
Rus 0.02 Q Ls 49.1 uH
Vi 02V Cs 26.3 nF
Ly 21.6 uH Ry 0.17 Q
Cy 59.5 nF Rs 0.15Q
L, 51.2 uH R 3Q
Cy 53.4 nF
1% 10*
~ S — —
" 05 X 2200 uF -282 Hz | |
= X 1000 F - 417 Hz
£, X | % 470 uF-608 Hz | |
z S | X 100 uF-1318 Hz
£ Nl
é“-O.S
= 1 X
-1500  -1000 -500 0 500 1000
Real Part ( s'l)
Fig. 5. Dominant pole plot of DWPT small-signal model.

III. TRANSIENT MODEL RESPONSE AND BODE PLOT ANALYSIS
A. Transient Response Under Different Motion Speeds

In the linearized small-signal model presented in Section II,
the poles of Gigk(s) and Gyx(s) correspond to the eigenvalues
of matrix A. Using the system parameters from Table I, the
dominant pole plot of the small-signal model is illustrated in
Fig. 5. As the output capacitance C, decreases, the dominant
modal frequency increases correspondingly. To investigate the
system’s response characteristics, it is crucial to determine the
frequency range of the input signal.

Fig. 6 shows the spatial distribution and dimensions of the
experimental coils. The transmitter coils each measure 146 mm
on a side, and the receiver coil measures 140 mm on a side,
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Fig. 7. Coupling coefficient versus receiver coil position plot.

with a vertical distance of 25 mm between them. As described
in Section II, the DWPT system features a modular and periodic
design, where the receiver coil primarily interacts with two
adjacent transmitter coils during each motion cycle. Conse-
quently, in the small-signal modeling and experimental setup,
the transmitter coils at both ends are deliberately disconnected to
avoid edge effects, and only the two middle coils are connected
to the circuit to represent the typical coupling scenario. This
configuration effectively captures the dominant electromagnetic
interactions while simplifying the boundary conditions, ensur-
ing the modeling results remain representative of the actual
DWPT operating environment. Fig. 7 presents the relationship
between the coupling coefficient k and the receiver’s position,
where the position is defined as zero when the receiving coil is
directly above the transmitting coil L,; . By dividing the position
by a specified speed, it is possible to obtain the relationship
between k and time. This relationship can then be decomposed
by applying the Fourier decomposition as follows:

N
k(t) ~ ag + Z (cncos (2mn - frt)) .

n=1

(23)

In (23), when the transport system reaches its maximum
operating speed v of 1.5 m/s, the frequency of the input signal
also attains its maximum. Under these conditions, the integer
N takes the value 31, and the fundamental frequency fj of k is
1.59 Hz. In practice, as shown in Fig. 8, the curve obtained by
summing the DC component and the first 13 harmonic com-
ponents while discarding higher order terms perfectly matches
the original curve. Therefore, the primary focus lies on the
low-frequency characteristics of Gig(s) and Gyk(s) below the
13th harmonic, corresponding to 20.6 Hz. From Fig. 5, we
can see that 20.6 Hz is much lower than the system’s lowest
dominant modal frequency, 282 Hz. Therefore, in this article, the

PARAMETRIC STUDY OF TRANSIENT DYNAMICS OF MULTITRANSMITTER DWPT FOR LINEAR TRANSPORT SYSTEMS

1169

_ 04
.§ 0.3 A\ —.Original Curve
9 - .
= /‘\ — = 13th Harmonic
é 0.2 / \ =3+ 3th Haonic
g 01 7 \
g . ,?‘/ \x\ . O
3 x>/ g

-0.1

-0.2 -0.1 0 0.1 0.2 0.3

Time (s)

Fig. 8. Fourier-based curve fitting of k; versus time: 13th-order harmonic
versus 3rd-order harmonic approximations.

input signal frequency is significantly lower than the system’s
dominant modal frequency. This results in a rapid decay of
high-frequency dynamics, including brief transient responses.
Consequently, the remaining response predominantly exhibits
steady-state behavior, meaning the overall system response
closely approximates its steady-state response. Therefore, by
leveraging this low-frequency approximation, Bode plots can be
used to analyze and predict the system’s response to variations
in the coupling coefficient. Figs. 9 and 10 present the Bode
amplitude plots of Gis(s) and Gyk(s) under different rectifier
output capacitances C,.

According to (23), the system input frequency f; increases
with rising motion speed. Referring to the Bode plot of Gigx(s)
in Fig. 9, one observes that, in the low-frequency range, the
amplitude increases with frequency. This implies that as the
speed grows, the current is,eak is expected to experience stronger
fluctuations. However, the Bode plot of Gyk(s) shows that in
the low-frequency range, the magnitude remains at 47.01 or
—2.36 dB. Since the frequency after the speed change still falls
within this low-frequency range, the waveform of v, remains
unaffected.

By applying the Laplace transform, we obtain the frequency-
domain expression of the input

o3 (o i)

(24)
Then, by multiplying (24) by (22) and performing the inverse
Laplace transform, the time-domain responses are derived:

ipea (1) = £k (5) - Gine (5) }
Vout (£) = £ 71 {k (s) - G (s)} '

Fig. 11(a) shows the small-signal model response of ipecax
when the receiver coil moves at speeds of 1.5, 1, and 0.5 m/s,
with the output capacitance fixed at 2200 pF. As predicted by the
Bode plot analysis in Fig. 10, the ig,cai exhibits progressively
greater fluctuation amplitude at higher speeds. In particular, the
1.5 m/s curve exhibits the largest magnitude oscillations, while
the 0.5 m/s case remains relatively mild. Fig. 11(b) depicts the
corresponding small-signal response of v, under these dif-
ferent speeds. Consistent with the Bode plot prediction, the v
waveform is virtually unaffected by changes in the receiver coil’s
motion speed. Hence, the small-signal model results confirm

k(s) :E{k( }

(25)
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that ifearc grows in the fluctuation amplitude at higher motion
speeds, whereas v, remains stable and largely invariant with
respect to motion speed variations.

B. Transient Response Under Different Output Capacitances

Referring to the Bode plot of Gig(s) in Fig. 9, changes in the
output capacitance C, alter the system’s amplitude frequency
response characteristics. Larger capacitance values prompt the
amplitude responses in the low-frequency region to reach higher
peaks, but they also lead to more rapid attenuation at high
frequencies. Since our primary focus lies in the low-frequency
range, we can employ the Bode plot in this region to predict
the behavior of if,eak. Compared to smaller capacitances, larger
ones exhibit greater oscillation in the response magnitude.

Fig. 12(a) shows the small-signal model response of the
primary side inverter output current iy, under different output
capacitances at a motion speed of 1.5 m/s. It is apparent that the
capacitance value significantly influences the response of ifpcak-
The greater the capacitance value, the more pronounced the

fluctuation in the response curve, indicating that i, . becomes
more sensitive to variations in the input signal. In contrast,
smaller capacitances effectively smooth out these fluctuations.

Meanwhile, the Bode plot of Gyk(s) indicates that increasing
the capacitance value causes an earlier magnitude drop at high
frequencies. Nevertheless, in the low-frequency domain, which
is our main region of interest, different capacitances exhibit
similar response characteristics. Hence, it can be inferred that
variations in C, do not significantly affect the behavior of
Vout- Fig. 12(b) compares the output voltage v, responses
under different capacitance values and confirms that the voltage
waveforms are nearly identical. As predicted by the Bode plot
analysis, changing the output filter capacitance C, has minimal
influence on vg¢.

C. Transient Response Under Different Start-Up Accelerations

In linear transportation systems, frequent starts and stops
make it essential to investigate the transient response during
the start-up phase. The primary distinction in transient behavior
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Fig. 13.  Motion speed and displacement curves for different start-up acceler-
ations during the ramp-up phase to 1.5 m/s.

arises from differences in acceleration during linear ramp-up.
Hence, four start-up accelerations of 7.5, 5, 3.75, and 3 m/s?
are chosen for comparative analysis, corresponding to linear
acceleration times of 200, 300, 400, and 500 ms, respectively.
Fig. 13 depicts the velocity and displacement curves for these
start-up accelerations as they ramp up to 1.5 m/s. At the onset
of motion, the system remains in a low-speed state, meaning the
input frequency does not exceed 10 Hz. Taking the Bode plot of
ifpeak under a 2200 pF output capacitance as an example, the
response shows limited variation below 10 Hz. Therefore, in the
initial start-up interval, the fluctuation amplitude of i y¢.x should
be similar for all tested accelerations. However, as time pro-
gresses, the system with a higher start-up acceleration reaches a
higher input frequency earlier. Beyond 10 Hz in the Bode plot, a
noticeable increase in the response curve occurs, implying that,
as the system advances, the difference in fluctuation amplitude
across different start-up accelerations becomes increasingly pro-
nounced.

Fig. 14(a) shows the small-signal model response of ifpeak
under these different start-up accelerations. Two sets of troughs
and peaks can be observed. While the four systems exhibit
similar oscillation magnitudes during the first set of troughs and
peaks, distinct differences appear in the second set. Consistent
with the Bode-plot-based analysis, faster start-up accelerations
lead to progressively larger fluctuations as the system continues
to accelerate.

Throughout the entire motion, the Bode plot for vy, at the
corresponding frequencies remains unchanged. Below 50 Hz,
the magnitude remains close to 47.01 dB. Hence, the oscillation
amplitude of v, is identical across different accelerations. This
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outcome is confirmed by the time-domain responses of vy
in Fig. 14(b), where only a slight delay is introduced by the
change in acceleration, without altering the magnitude of vq¢
fluctuations.

D. Transient Response Under Different Input Voltages

Figs. 15 and 16 present the Bode magnitude plots of the system
transfer functions Gisk(s) and Gyk(s) under different input
voltages Vi,. As observed, increasing V, leads to an upward
shift in the magnitude curves of both Gigk(s) and Gyk(s) across
the entire frequency spectrum. This indicates that higher input
voltages result in stronger peak responses, suggesting that larger
Vin values are likely to induce more pronounced fluctuations
in both the primary-side inverter current ifpc.x and the output
voltage Vout.

Based on (25), the transient small-signal responses of ifpcak
and v+ under different input voltages were obtained for the con-
ditions of 1.5 m/s motion speed and 2200 u:F output capacitance.
To facilitate a direct comparison of the variation in fluctuation
amplitudes, the initial value at = O was subtracted from each
response curve, as shown in Fig. 17. The results indicate that
with increasing Vj,, the fluctuation amplitudes of both if,cak
and v, increase proportionally. Unlike the previously studied
parameters, to which v, was relatively insensitive, v, as well
as ifpeak are both significantly affected by variations in the input
voltage Viy,.

E. Transient Response Under Different Load Resistances

As shown in the Bode magnitude plot of Gig(s) in Fig. 18,
variations in the load resistance R, affect the system’s amplitude
response characteristics. Smaller loads exhibit higher magnitude
responses in the low-frequency region, leading to stronger peak
responses. However, in the high-frequency region, the magni-
tude curves corresponding to different loads are nearly identical.
Since the primary focus of this article is the low-frequency
range, the Bode plot suggests that smaller loads are expected to
induce greater fluctuations in the inverter output current igpeak-
On the other hand, the Bode plot of Gyk(s) in Fig. 19 shows
that the magnitude curves remain almost unchanged across
all frequencies regardless of the load. This implies that load
variation has a negligible impact on v, fluctuation, which is
consistent with the constant voltage characteristic of the LCC-S
topology.
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To clearly compare the fluctuation characteristics of ifpeak
under different load conditions, each transient small-signal re-
sponse curve of if,eaic Was processed by subtracting its initial
value at r = 0, as shown in Fig. 20. The results clearly demon-
strate that as the load R, decreases, the fluctuation amplitude
of ifpeax significantly increases, which is consistent with the
prediction presented earlier. Fig. 21 displays the corresponding
transient responses of v,y under different loads. The voltage
waveforms are nearly identical, confirming the Bode plot pre-
diction that variations in R, have little to no effect on the output
voltage waveform.

IV. EXPERIMENTAL VERIFICATION

In this section, the LCC-S DWPT system model derived ear-
lier is experimentally validated. A DWPT experimental platform
was developed, as shown in Fig. 22, and the parameters of the
LCC-S DWPT system are listed in Table 1. The receiver coil
is placed on a sliding track with controllable speed and start-up
acceleration, thereby simulating the DWPT motion process. The
receiver coil moves laterally along the track and thus does not

Fig. 22.  Photograph of the DWPT experimental platform with controllable
speed and start-up acceleration.

9. 61
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91. 85
1. 0000
0. 4414k
0. 4805k

Fig. 23.  Screenshot from power analyzer measurement.

experience any vertical misalignment, so the experiment focuses
on the lateral displacement of the receiver coil. The variation of
the coupling coefficient k with the receiver coil’s position is
depicted in Fig. 7. As discussed in Section II, the DWPT system
exhibits modularity and periodicity. Hence, the motion from one
transmitter coil to the next is selected to validate the small-signal
model.

In industrial manufacturing, the power supply demand for
movers in linear transport and magnetically levitated transport
systems typically ranges from tens of watts to approximately
100 W. To better reflect the broader application scenarios of
DWPT systems, the experimental output power in this study
was extended beyond the conventional 100 W level to 441.4 W.
The screenshot of the power analyzer measurement is shown
in Fig. 23, demonstrating that the system achieved the output
efficiency of 91.85% at this elevated power level. The primary
sources of loss originate from the coils and the rectifier. The
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following discussion focuses on the system’s response under
various motion speeds, output filter capacitance values, start-up
accelerations, input voltages, and load resistances.

A. Experiments of Different Motion Speeds

Initially, the receiver coil passes over the transmitter coils at
different constant speeds with the output capacitance C, fixed at
2200 pF. Leveraging the system’s modularity and periodicity, we
examine only the transition from one transmitter coil to the next.
Fig. 24 shows the waveform screenshot of the response at a speed
of 1.5 m/s. The red trace represents the measured output voltage
Vout, While the dotted blue line indicates the corresponding value
predicted by our reduced-order small-signal model. The blue
trace represents the measured primary side current iy, and the
dotted red line shows the model’s prediction for the peak of
primary current i e,k . We observe a close match between the red
trace and the dotted blue line, indicating that our transient model
accurately predicts the output voltage v,¢. The dotted red line
also provides a good envelope for the blue waveform. In the final
stages, however, the large variation in the coupling coefficient
moves the system farther from its steady-state operating point,
thereby enhancing nonlinear characteristics and causing minor
discrepancies between the measured and simulated responses.
Overall, the transient model derived in this article can accurately
predict the transient behavior of the DWPT system.

Fig. 25 contrasts the time-compressed experimental response
results at different speeds, confirming consistency with the
trends in Fig. 11. Using the first peak of the 0.5 m/s curve
in Fig. 25(a) as a reference point, we compare the fluctuation
amplitude of iy for different motion speeds, as illustrated in
Fig. 26(a). The fluctuation amplitude shows a linear relationship
with the motion speed. As the motion speed increases from
0.5 to 1.5 m/s, the current fluctuation amplitude increases by
approximately 0.41 A.

B. Experiments of Different Output Filter Capacitances

Next, we conducted experiments at 1.5 m/s with different
output filter capacitances C,.. Fig. 27 compares the experimental
responses under various capacitance values, and the resulting
trends are consistent with those in Fig. 12. Taking the first peak
of the 100 uF curve in Fig. 27(a) as a reference, we compare
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the fluctuation amplitude of iy for different capacitance values in
Fig. 26(b). The fluctuation amplitude exhibits an approximately
linear correlation with the output capacitance size. As the output
capacitance increases from 100 to 2200 pF, the current fluctua-
tion amplitude increases by about 0.47 A.

C. Experiments of Different Start-Up Accelerations

Additionally, we investigate different start-up accelerations
by placing the receiver coil at the center of the transmitter
coil L. Fig. 28 provides the experimental response results for
different start-up accelerations ao. Employing the 3 m/s? curve in
Fig. 28(a) as a baseline, we quantify the fluctuation amplitude of
ir under different start-up accelerations, as shown in Fig. 26(c).
The fluctuation amplitude exhibits a linear dependence on speed,
and the disparity between the second trough-peak set is notably
larger than the first. At the initial valley, when the start-up
acceleration increases from 3 to 7.5 m/s2, the current fluctuation
amplitude only increases by approximately 0.05 A. However,
by the final peak, the current fluctuation amplitude increases
by about 0.28 A. This demonstrates that as the receiving coil
advances and the start-up acceleration increases, the fluctuation
amplitude of the inverter output current iy becomes more pro-
nounced, consistent with the analysis in Section III

D. Experiments of Different Input Voltages

Experiments were conducted under different input voltages
Vin, with the receiver coil moving at a constant speed of 1.5 m/s
and the output capacitance fixed at 2200 pF. To facilitate
a direct comparison of fluctuation amplitudes, each transient
small-signal response curve of iy and v, Was processed by
subtracting its initial value at t = 0, as shown in Fig. 29. The
overall experimental trends align well with the simulation results
presented in Fig. 16. The initial iy values corresponding to
100, 75, and 50 V input voltages were 8.36, 5.75, and 3.92 A,
respectively, while the initial v, values were 60.0, 45.0, and
29.9 V. Using the first trough of the 50 V curve as a reference
point, Fig. 30 compares the fluctuation amplitudes of iy and
vout under different V;,, conditions. The results demonstrate an
approximately linear relationship: as Vj, increases from 50 to
100V, the fluctuation amplitude of iy increases by about 1.34 A,
while that of v,y increases by approximately 4.59 V.

E. Experiments Under Different Load Resistances

Experiments were conducted under varying load resistances
Ry. To facilitate a direct comparison of iy fluctuations, each
experimental response curve of iy was processed by subtracting
its initial value at f = 0, as shown in Fig. 31. The initial if values
corresponding to the 16, 12, and 8 €2 load conditions were 5.02,
6.08, and 8.36 A, respectively. From Fig. 31, it can be observed
that as the load increases from to 16 §2, the fluctuation amplitude
of iy decreases by approximately 0.72 A.

Fig. 32 also shows the experimental responses of v, under
different load conditions. Due to the internal resistance of the
coils and other circuit components, the output voltage exhibits
a slight increase with increasing load. Nevertheless, the overall
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behavior still reflects the constant-voltage characteristic of the
LCC-S topology. In summary, the experimental results confirm
that v,,; fluctuations are largely insensitive to load variation,
whereas iy fluctuations decrease as the load increases, which is
consistent with the analytical findings presented in Section III.

These findings confirm that the proposed transient model ac-
curately predicts the DWPT system’s transient behavior, thereby
validating its correctness. Overall, v, fluctuations are primarily

influenced by input voltage, while remaining largely insensitive
to variations in other parameters. By solving the steady-state
components at different positions, the v, response closely
matches its theoretical steady-state value, which is determined
by the combined coupling coefficient k1 +ks. As shown in Fig. 7,
the v, waveform aligns with the k; +ko profile, indicating that
stabilizing ki +ko through optimized coil design is an effective
means to mitigate voltage fluctuations [12], [37]. In addition,
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appropriate control and measurement strategies may also help
suppress output voltage fluctuations [15], [16], [17], [18], [19].
In contrast, the fluctuation amplitude of iy increases with larger
output capacitance C,., higher motion speed v, greater start-up
acceleration ag, elevated input voltage V;,,, and reduced load re-
sistance R . Therefore, appropriate adjustment of these parame-
ters offers practical guidance for controlling current fluctuations
and improving overall system dynamic performance.
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V. CONCLUSION

This article developed a transient model for multitransmitter
DWPT systems using the EDF method, which captures multi-
coupling effects by decomposing nonlinear coupling variations
into sinusoidal inputs linked to motion speed. Our analysis shows
that the dominant modal frequency is significantly higher than
the coupling variation frequency, allowing the overall system
response to closely approximate steady-state behavior. This find-
ing enables a detailed parametric study that precisely quantifies
the impacts of motion speed, output filter capacitance, start-
up acceleration, input voltage, and load resistance on inverter
current fluctuations and output voltage stability. Experimental
results from a DWPT test platform validate the model’s ac-
curacy and confirm its practical value for enhancing system
performance. Overall, our work provides a robust theoretical
framework for analyzing and optimizing DWPT systems, paving
the way for more effective control strategies.

APPENDIX

In this Appendix, we present the detailed expressions for the
system matrices used in the small-signal state-space representa-
tion of the DWPT system. The state-space equations are given
by the following:

d N
ii:Afﬂ-Bk

y _ |:Z{peak:| — C%

Vout

where A € R21%21 B € R21%3 and C € R2*2L,
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Due to the complexity of these matrices, they are first ex- X7 =K Ky — K,

pressed in block form as follows:
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