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Abstract—A novel dynamic modeling method based on the con-
cept of coupled modes is proposed for wireless power transfer
(WPT) systems which use magnetic resonant coupling. The pro-
posed method aims on the dynamics of the overall WPT system,
including the nonlinear inverter and rectifier. It uses the slowly
varying amplitudes and phases of coupled modes rather than res-
onant currents and voltages to describe the coupled resonances.
Three analytical models—averaged model, small signal model, and
conductance network model are developed sequentially by using
the proposed method. The orders of the developed models are equal
to or lower than that of the discrete state space model. In contrast,
the existing dynamic modeling methods for WPT systems and res-
onant converters have to transform the discrete state space model
into a higher order model or use complex currents and voltages
in order to adopt the averaging method and obtain an analytical
model. Simulation and experimental results give a firm support to
the proposed method and models. The concept employed in this
paper provides a deeper insight into the dynamic behaviors of cou-
pled resonances.

Index Terms—Averaged model, conductance network model,
coupled modes, small signal model, wireless power transfer.

I. INTRODUCTION

W IRELESS power transfer (WPT) using magnetic reso-
nant coupling is becoming one of the most attractive

technologies to achieve near-field wireless transmission of en-
ergy [1]. With a good tradeoff between power transfer distance
and efficiency, this technology is preferred in many daily and in-
dustrial applications, such as wireless power supplies/chargers
for cellphones [2], electric vehicles [3]–[7], and biomedical
implants [8]–[11].

Generally, WPT systems are desired to provide stable output
voltage as power supplies. Unfortunately, the output voltage of
an open-loop WPT system depends strongly on the system’s
parameters, e.g., coupling coefficient and load impedance [12],
[13]. Various control schemes have been investigated to main-
tain constant output voltage against parameter variations [8],
[11], [14]–[18]. Most of these control schemes are based on the
static characteristics of the WPT systems. However, a dynamic
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model is needed to design a controller in the applications, which
require rapid startup or regulation. One example of such kind of
application is the WPT system for online electric vehicles [6],
[7]. Wireless powering systems for household appliances and
smart devices also require rapid regulation when they are pow-
ered without batteries. Besides, a dynamic model can help to
investigate the maximum stresses during startup and shutdown
processes, which may be several times higher than the steady
state stresses.

Modeling the dynamics of the coupled resonant tank in a WPT
system is not difficult since it is a linear time-invariant (LTI)
network. The conventional state space models of two resonant
tanks are developed in [19] and [20], respectively. However, the
nonlinear components (i.e., inverter and rectifier) are not taken
into account. Therefore, the closed form analytical expression
of dc-to-dc or control-to-output dynamic characteristics cannot
be derived out.

Things become complex when modeling a whole WPT sys-
tem from source to load, including the inverter and rectifier.
Fortunately, the modeling methods for resonant converters de-
veloped over the past decades also apply to WPT systems. The
generalized state space averaging method proposed by Sanders
et al. is adopted in [6] and [21]. The extended describing func-
tions technique is applied in [22]. Laplace phasor transform
is used in [7]. All these methods that accurately describe the
nonlinear dynamics of WPT systems share the same concept:
using two slowly varying state variables to describe a fast
varying state variable which is approximately sinusoidal. As
a result, these methods increase the model’s order compared
with the discrete state space model or use complex currents
and voltages.

To overcome the higher order problem and make a straight-
forward real dynamic model from the energy point of view, this
paper describes the loosely coupled resonances using the con-
cept of coupled modes. This concept can be found in coupled-
mode theory (CMT) [23]. Actually, CMT has already been used
to analyze WPT systems by Kurs et al. [24]. However, only the
steady-state characteristics such as efficiency and field strength
are investigated in [24]. The obstacle to use CMT to develop
a dynamic model of WPT system is that the resonant frequen-
cies of the coupled resonances are not identical in practice for
some reasons [17], [25] and it violates the condition of CMT.
In this paper, the phases of the modes are considered so that the
coupled-mode description applies to the cases in which the fre-
quencies are not identical. Each of the resonances is described
by two real variables: mode amplitude and phase. The contin-
uous dynamic equations of the coupled modes are derived out
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Fig. 1. Schematic diagram of a half-bridge type WPT stage.

Fig. 2. Equivalent circuit of the ac part.

from the discrete state space model and the order of the derived
equations is equal to that of the state space model. In addition,
we propose a conductance network model to further reduce the
order.

The rest of the paper is organized as follows: Section II pro-
poses the modeling method based on coupled modes for a WPT
stage which is abstracted out from WPT systems. Section III
sequentially develops the averaged model, small signal model,
and conductance network model of the WPT stage. The devel-
oped models are applied in system level modeling in Section IV
and validated in Section V. Finally, the conclusion is shown in
Section VI.

II. FROM STATE SPACE TO COUPLED MODES

A. Discrete State Space Model of WPT Stage

When we start to think of a WPT system as a power supply, it
can be found that the key component in the system is the WPT
stage which achieves dc-to-dc transmission of energy. Fig. 1
shows a half-bridge type WPT stage with series resonant tanks.
In a WPT system, this stage may be connected with filters, power
factor correction stage, or other conversion stages.

Our modeling starts from the WPT stage since the rest com-
ponents in a WPT system have been well investigated in other
kinds of power supplies. We assume that the input voltage of the
WPT stage is v1 and the output voltage is v2 , while switches S1
and S2 (power MOSFETs) are conducting alternately, a square
waveform u1 is obtained to drive the coupled resonant tanks.
Similarly, while power diodes D1 and D2 are conducting alter-
nately, a square waveform u2 is generated to absorb the energy.
Fig. 2 shows the equivalent circuit of the ac part.

In Fig. 2, we use effective inductances L1 and L2 , effective
capacitances C1 and C2 , equivalent series resistances (ESR)
R1 and R2 , and mutual inductance M to model the coupled
resonant tanks. u1 and u2 are considered as exciting source and
sink, respectively. The dynamics of this equivalent circuit can

Fig. 3. Waveforms of drive signals, u1 and iL 1 at three cases.

be fully described by the discrete state space model as follows:

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

L1
diL 1
dt + M diL 2

dt + uC 1 + R1iL1 = u1

C1
duC 1

dt = iL1

L2
diL 2
dt + M diL 1

dt + uC 2 + R2iL2 = u2

C2
duC 2

dt = iL2

(1)

where iL1 and iL2 are the resonant currents; uC 1 and uC 2 are
the voltages across the capacitors.

We can solve (1) immediately when u1 and u2 are given.
Fig. 3 shows the waveform of u1 at three different operation
cases, as well as iL1 and the gate drive signals of S1 and S2
(vgs S1 and vgs S2). Fig. 3 also considers the dead time Td

between the drive signals. The phase of u1 relative to vgs S1
depends on the phase of iL1 , which always changes between
positive and negative values in the dynamic process of the WPT
stage. Therefore, we use vgs S1 as the time reference to define
u1

u1 =

⎧
⎪⎨

⎪⎩

sgn (cos ωst) + 1
2

v1 , |cos ωst| ≥
∣
∣cos

(
π
2 − γ

)∣
∣

−sgn (iL1) + 1
2

v1 , |cos ωst| <
∣
∣cos

(
π
2 − γ

)∣
∣

(2)
where ωs is the angular switching frequency of S1 and S2 and
γ is the angle that corresponds to half of the dead time

γ =
ωsTd

2
. (3)

Both ωs and γ are considered as constants rather than vari-
ables. The reasons are 1) ωs should be equal (or very close)
to the resonant frequency of L2 and C2 in order to achieve the
highest energy efficiency, and 2) zero-voltage-switching (ZVS)
of S1 and S2 can be achieved only in a small range of γ. From the
efficiency point of view, ωs and γ should equal their optimum
values respectively and remain constant in operation. Compar-
atively, u2 depends only on the direction of iL2 and is given
by

u2 =
−sgn (iL2) + 1

2
v2 . (4)
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In addition, full-bridge type WPT stage can also be described
by (1), while we need to make some changes in (2) and (4) by
multiplying the right hand expressions with 2.

B. Modeling WPT Stage by Coupled Modes

The state space model that accurately describes the circuit
dynamics is intractable because of the nonlinearity, discontinu-
ity, and time-variance. Even worse, the state space averaging
method does not apply to (1) because of the fast varying state
variables.

To overcome these problems, we model the WPT stage with
the concept taken from CMT according to which the state of
coupled resonances can be represented by coupled modes

an = anej (ωs t+θn ) (5)

where the indices denote the different resonators. The variables
an are defined so that the energy contained in resonator n is a2

n

[24]. In addition, we define the variables θn as the phases of the
modes so that (5) applies to the coupled resonances which have
different resonant frequencies. Both an and θn vary slowly with
time.

In order to determine the dynamic equations of the coupled
modes, we find the relationship between the coupled modes and
the variables in (1) as follows.

Based on CMT, the modes are considered as energy orthog-
onal when the resonances are loosely coupled. Therefore, the
resonant currents and voltages can be represented as (6) from
the energy point of view

⎧
⎪⎨

⎪⎩

iLn =
√

2
Ln

· an cos (ωst + θn )

uC n =
√

2
Cn

· an sin (ωst + θn ) .
(6)

According to (6), we can write out the derivatives of the
resonant currents and voltages as

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

diL n

dt =
√

2
Ln

[
dan

dt cos (ωst + θn )

− an

(
ωs + dθn

dt

)
sin (ωst + θn )

]

duC n

dt =
√

2
Cn

[
dan

dt sin (ωst + θn )

+ an

(
ωs + dθn

dt

)
cos (ωst + θn )

]
.

(7)

Furthermore, u1 and u2 are also represented with θn (n = 1,
2) according to (2) and (4)

⎧
⎪⎨

⎪⎩

u1 =
sgn [cos (ωst − γsgnθ1)]

2
v1

u2 =
−sgn [cos (ωst + θ2)] + 1

2
v2 .

(8)

The expression of u1 in (8) is a little bit different from (2)
when −γ < θ1 < γ (case 3 of Fig. 3). However, the difference
only exists during the dead time. From the energy point of view,
this difference is not significant because iL1 crosses zero during
the dead time when −γ < θ1 < γ and the absolute value of iL1
is very small near the crossover point.

By substituting (6)–(8) into (1), the state variables iLn and
uC n are replaced by an and θn and the dynamic equations of

the coupled modes (their amplitudes and phases) are derived out
from the state space model

da1

dt
= ω1a1 sin (ωst + θ1) cos (ωst + θ1)

+

√
L1/2

L1L2 − M 2 cos (ωst + θ1)

×
[

−L2

√
2
C1

a1 sin (ωst + θ1)

−L2R1

√
2
L1

a1 cos (ωst + θ1)

+L2
sgn [cos (ωst − γsgnθ1)] + 1

2
v1

+MR2

√
2
L2

a2 cos (ωst + θ2)

+M

√
2
C2

a2 sin (ωst + θ2)

−M
−sgn [cos (ωst + θ2)] + 1

2
v2

]

(9a)

dθ1

dt
= −ωs + ω1 − ω1 sin2 (ωst + θ1)

−
√

L1/2
L1L2 − M 2

sin (ωst + θ1)
a1

×
[

−L2

√
2
C1

a1 sin (ωst + θ1)

−L2R1

√
2
L1

a1 cos (ωst + θ1)

+L2
sgn [cos (ωst − γsgnθ1)] + 1

2
v1

+MR2

√
2
L2

a2 cos (ωst + θ2)

+M

√
2
C2

a2 sin (ωst + θ2)

−M
−sgn [cos (ωst + θ2)] + 1

2
v2

]

(9b)

da2

dt
= ω2a2 sin (ωst + θ2) cos (ωst + θ2)

+

√
L2/2

L1L2 − M 2 cos (ωst + θ2)

×
[

−L1

√
2
C2

a2 sin (ωst + θ2)

+L1
−sgn [cos (ωst + θ2)] + 1

2
v2

+MR1

√
2
L1

a1 cos (ωst + θ1)
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+M

√
2
C1

a1 sin (ωst + θ1)

−M
sgn [cos (ωst − γsgnθ1)] + 1

2
v1

]

(9c)

dθ2

dt
= −ωs + ω2 − ω2 sin2 (ωst + θ2)

−
√

L2/2
L1L2 − M 2

sin (ωst + θ2)
a2

×
[

−L1

√
2
C2

a2 sin (ωst + θ2)

−L1R2

√
2
L2

a2 cos (ωst + θ2)

+L1
−sgn [cos (ωst + θ2)] + 1

2
v2

+MR1

√
2
L1

a1 cos (ωst + θ1)

+M

√
2
C1

a1 sin (ωst + θ1)

−M
sgn [cos (ωst − γsgnθ1)] + 1

2
v1

]

. (9d)

III. ANALYTICAL MODELS OF THE WPT STAGE

A. Averaged Model

Assuming the slowly varying variables in (9)—an , θn , and vn

(n = 1, 2) are constant during a switching period, we eliminate
the high-frequency terms such as ω1a1 sin(ωst + θ1) cos(ωst +
θ1) by taking the average values of both sides of (9), while the
low-frequency characteristics remain in the averaged equations,
i.e., the time-invariant averaged model

da1

dt
=

√
L1/2

L1L2 − M 2

[

−L2R1√
2L1

a1 −
M√
2C2

a2 sin (θ1 − θ2)

+
MR2√

2L2
a2 cos (θ1 − θ2) +

L2

π
v1

× cos (θ1 + γsgnθ1) +
M

π
v2 cos (θ1 − θ2)

]

(10a)

dθ1

dt
= −ωs +

ω1

2
−

√
L1/2

(L1L2 − M 2) a1

[

− L2√
2C1

a1

+
M√
2C2

a2 cos (θ1 − θ2) +
MR2√

2L2
a2 sin (θ1 − θ2)

+
L2

π
v1 sin (θ1 +γ sgn θ1)+

M

π
v2 sin (θ1−θ2)

]

(10b)

da2

dt
=

√
L2/2

L1L2 − M 2

[

−L1R2√
2L2

a2 +
M√
2C1

a1 sin (θ1 − θ2)

+
MR1√

2L1
a1 cos (θ1 − θ2)

Fig. 4. Equivalent circuit of the averaged model.

− L1

π
v2 −

M

π
v1 cos (θ2 + γsgnθ1)

]

(10c)

dθ2

dt
= −ωs +

ω2

2
−

√
L2/2

(L1L2 − M 2) a2

[

− L1√
2C2

a2

+
M√
2C1

a1 cos (θ1 − θ2) −
MR1√

2L1
a1 sin (θ1 − θ2)

− M

π
v1 sin (θ2 + γ sgn θ1)

]

(10d)

where ωn (n = 1, 2) is the angular resonant frequency of res-
onator n

ωn =
1√

LnCn

. (11)

Let us represent the averaged model by a more concise form

dx

dt
= f (x, v1 , v2) (12)

where

x =

⎡

⎢
⎢
⎢
⎢
⎣

a1

θ1

a2

θ2

⎤

⎥
⎥
⎥
⎥
⎦

(13)

f =

⎡

⎢
⎢
⎢
⎢
⎣

f1

f2

f3

f4

⎤

⎥
⎥
⎥
⎥
⎦

(14)

and fn (n = 1 . . . 4) is the right-hand side expression of the nth
equation in (10). The order of the averaged model is the same
as that of the state space model.

The equivalent circuit of the averaged model is shown in
Fig. 4, where the WPT stage is considered as a two-port network.
The external characteristics can be described by

⎧
⎪⎪⎨

⎪⎪⎩

i1 = g1(x) =
1
π

√
2
L1

a1 cos (θ1 + γsgnθ1)

i2 = g2(x) = − 1
π

√
2
L2

a2

(15)

where i1 and i2 are the averaged port currents during a switching
period.

B. Small Signal Model

The averaged model is continuous and differentiable in the
two segments: θ1 > 0 and θ1 < 0, respectively, and can be
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Fig. 5. Equivalent circuit of the small signal model.

linearized locally according to the sign of θ1 . Supposing the
small signals of the state variables and the input and output
voltages are ân , θ̂n , and v̂n (n = 1, 2), we can write out the
linearized small signal model of the WPT stage as

dx̂

dt
= F xx̂ +

[
∂f

∂v1

∂f

∂v2

] [
v̂1

v̂2

]

(16)

where

x̂ =

⎡

⎢
⎢
⎢
⎢
⎢
⎣

â1

θ̂1

â2

θ̂2

⎤

⎥
⎥
⎥
⎥
⎥
⎦

(17)

F x =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

∂f1

∂a1

∂f1

∂θ1

∂f1

∂a2

∂f1

∂θ2

∂f2

∂a1

∂f2

∂θ1

∂f2

∂a2

∂f2

∂θ2

∂f3

∂a1

∂f3

∂θ1

∂f3

∂a2

∂f3

∂θ2

∂f4

∂a1

∂f4

∂θ1

∂f4

∂a2

∂f4

∂θ2

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

. (18)

The equivalent circuit of the small signal model is shown in
Fig. 5. According to (15), the small signals of the port currents
are

{
î1 = ∇g1 x̂

î2 = ∇g2 x̂
(19)

where the gradient of gn (n = 1, 2) is given by

∇gn =
[

∂gn

∂a1

∂gn

∂θ1

∂gn

∂a2

∂gn

∂θ2

]

. (20)

C. Conductance Network Model

Based on (16) and (19), the transfer functions of voltages to
currents are derived out

G (s) =

⎡

⎢
⎢
⎢
⎣

î1 (s)
v̂1 (s)

î1 (s)
v̂2 (s)

î2 (s)
v̂1 (s)

î2 (s)
v̂2 (s)

⎤

⎥
⎥
⎥
⎦

x

=

⎡

⎣
∇g1

∇g2

⎤

⎦(sI − F x)−1
[

∂f

∂v1

∂f

∂v2

]

. (21)

This equation can be further simplified by neglecting the
dynamics when the response speed of the WPT stage is fast

Fig. 6. Equivalent circuit of the conductance network model.

enough and the latency is negligible. In mathematics, this con-
dition means all the eigenvalues of F x have modulus that is
much larger than the concerned angular frequency. With this
simplification, a conductance network model is proposed and
shown in Fig. 6, where the conductances and transconductances
are given by

[
G11 G12

G21 G22

]

= G (0) = −
[
∇g1

∇g2

]

F−1
x

[
∂f

∂v1

∂f

∂v2

]

.

(22)

IV. SYSTEM LEVEL MODELING

Using the WPT stage models, we can simply develop a system
level model by combining one of (12), (16), and (22) with the
differential equations of the rest components of a WPT system.
In this section, an open-loop WPT system and a preregulation
WPT system are taken as examples to demonstrate the system
level modeling method based on the WPT stage models.

A. Averaged Modeling of the Open-Loop WPT System

The circuit diagram of the open-loop WPT system is shown
in Fig. 7. The WPT stage is directly powered by the system’s
dc input voltage vin . The system’s output voltage vo is filtered
by a capacitor Cf . The load is represented by a resistor RL . It
is worth noting that a battery can be simply modeled by a huge
capacitor Cf in parallel with a resistor RL during charging, and,
therefore, the circuit diagram of Fig. 7 is also valid for battery
charging system. Actually, the configuration of Cf and RL is a
very general model for dc powered load.

In Fig. 7, the energy storage element Cf is described by an
additional differential equation

Cf
dv2

dt
= −i2 −

v2

RL
. (23)

A fifth-order averaged model of this system is developed by
combining (23) with (12) and substituting (15) into (23):

⎧
⎪⎪⎨

⎪⎪⎩

dx

dt
= f (x, v1 , v2)

dv2

dt
=

1
Cf

[

−g2 (x) − v2

RL

] (24)

where
{

v1 = vin

v2 = vo .
(25)
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Fig. 7. Circuit diagram of the open-loop WPT system.

Fig. 8. Circuit diagram of the preregulation WPT system.

Fig. 9. WPT stage of the laboratory prototype.

B. Small Signal Modeling of the Preregulation WPT System

The circuit diagram of the preregulation WPT system is
shown in Fig. 8. A buck converter is inserted to preregulate the
input voltage of the WPT stage so that the transmitting side res-
onant current or the system’s output voltage can be controlled.
There are two energy storage elements in the buck converter:
inductor L and capacitor C.

The small signal model of the buck converter is given by (26)
when operating in continuous-conduction mode (CCM)

d

dt

[
îL

v̂1

]

=

[
0 − 1

L

1
C 0

][
îL

v̂1

]

+

[
0 d̄

L
v̄i n

L

− 1
C 0 0

]
⎡

⎢
⎢
⎣

î1

v̂in

d̂

⎤

⎥
⎥
⎦

(26)
where îL and v̂1 are the small signals of inductor current iL
and capacitor voltage v1 , respectively; v̂in is the small signal
perturbation of input voltage; d̂ is the small signal of the duty
cycle of switch S; v̄in and d̄ are the steady-state input voltage
and duty cycle, respectively. The small signal expression of (23)
is

dv̂2

dt
= − 1

Cf
î2 −

v̂2

Cf RL
. (27)

A seventh-order small signal model of this system is devel-
oped by combining (26) and (27) with (16) and substituting (19)
into (26) and (27)

d

dt

⎡

⎢
⎢
⎢
⎢
⎣

x̂

v̂1

v̂2

îL

⎤

⎥
⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

F x
∂f

dv1

∂f

dv2
0

−∇g1

C
0 0

1
C

−∇g2

Cf
0 − 1

RLCf
0

0 − 1
L

0 −R

L

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
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where

v2 = vo . (29)

The steady-state operating point can be solved either by set-
ting the large signal differential equations to zeros or by using
the fundamental harmonic analysis.

The reduced order system based on the conductance network
model is also developed by combining (26) and (27) with (22)
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TABLE I
PARAMETERS OF THE WPT STAGE

Symbol Quantity Value

L1 transmitting side resonant inductance 136 μH
C1 transmitting side resonant capacitance 0.75 nF
f1 transmitting side resonant frequency 498 kHz
R1 transmitting side ESR 1.5 Ω
L2 receiving side resonant inductance 129 μH
C2 receiving side resonant capacitance 0.75 nF
f2 receiving side resonant frequency 512 kHz
R2 receiving side ESR 1.5 Ω
M mutual inductance 5.56 μH
fs switching frequency of the inverter 512.8 kHz
Td dead time of the inverter 100 ns

where

v2 = vo . (31)

V. VALIDATION OF THE MODELS

In this section, the dynamic behaviors of a WPT laboratory
prototype are examined in both time domain and frequency do-
main to validate the proposed models. The WPT stage of the
laboratory prototype is shown in Fig. 9. Its parameters are listed
in Table I, where the ESRs are estimated using the measured
ac resistance of the coupled resonances, the drain-to-source
on-time resistance of the MOSFETs, and the forward voltage
and current of the rectifier diodes. The value of mutual induc-
tance is calculated using Ansoft Maxwell 15 when the power
transfer distance is 24 cm (the outer loop diameters of the coils
are both 27 cm).

A. Validation of the Averaged Model

In order to examine the averaged model, we construct an open-
loop WPT system as shown in Fig. 7 by connecting the WPT
stage with a dc voltage supply (50 V), a filter capacitor (2.2 μF),
and a load resistor (100 Ω). The waveforms of the resonant
currents are measured when the inverter starts to operate and
shown in Fig. 10(a). They are in agreement with the waveforms
predicted by the averaged model of (24), as shown in Fig. 10(b).
In contrast, the predicted waveforms without considering the
dead time shown in Fig. 10(c) do not match the experimental
results well. Therefore, the dead time is not ignorable in the
startup process. The reason we explained in Section II.A is also
proved by the phases shown in Fig. 10(b) and (c).

B. Validation of the Small Signal Model and the Conductance
Network Model

In order to examine the small signal model and the conduc-
tance network model, we construct a preregulation WPT system
as shown in Fig. 8 by inserting a buck converter into the open-
loop WPT laboratory prototype. The system’s input voltage is
fixed at 100 V. The inductor and the capacitor of the buck con-
verter are 780 and 4.4 μF, respectively. The buck converter is
driven by a digital sinusoidal pulse width modulation (SPWM)
wave with a switching frequency of 200 kHz. The average, min-

Fig. 10. Waveforms of the resonant currents in startup process of the open-
loop WPT laboratory prototype. (a) Measured in experiment, (b) predicted by
models, and (c) predicted without considering the dead time.

imum, and maximum duty cycles of the SPWM wave are 0.5,
0.49, and 0.51, respectively. Fig. 11 shows the ripple of the sys-
tem’s output voltage relative to the start signal of the SPWM
wave so that both the magnitude and phase of control-to-output
transfer function can be measured at each SPWM frequency.
The control-to-output Bode diagram is obtained by sweeping
the SPWM frequency and is plotted in Fig. 12, where it is
also compared with the curves predicted by the small signal
model and the conductance network model. The comparison re-
sult shows that the Bode diagram predicted by the small signal
model is in agreement with the experimental results, and the
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Fig. 11. Ripple of the system’s output voltage relative to the start signal of
the SPWM wave at 1.25 kHz.

Fig. 12. Control-to-output Bode plots of the pre-regulation WPT laboratory
prototype.

conductance network model provides a good tradeoff between
accuracy and simplicity.

Although we may not use preregulation to control the sys-
tem’s output voltage in practice because it involves wireless
communication and, therefore, additional latency, we can still
use the preregulation WPT system to validate our models. The
control-to-output Bode diagram gives a firm support to the pro-
posed models because all the inertial elements of the system are
included.

VI. CONCLUSION

The modeling method proposed in this paper is able to model
the dynamics of an overall WPT system, including the inverter
and rectifier. The modeling method is unique and prominent in

that it considers a second-order resonator as a whole and takes
the amplitudes and phases of the coupled modes as state vari-
ables. The orders of the proposed models are equal to or lower
than that of the discrete state space model. The averaged model
is accurate in large signal analysis when the dead time of the
inverter is considered. The small signal model allows closed
form analytical expressions to be developed for designing con-
trollers. The conductance network model provides a good trade-
off between accuracy and simplicity. Definitely, the proposed
modeling method applies to the resonant systems which consist
of loosely coupled resonators, such as second-order resonant
converters (consist of only one resonator), WPT systems with
relay resonators, and wireless domino-resonator systems.
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