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Abstract—In this article, the problem of modeling and control of
an LCC-S wireless power transfer (WPT) system in the presence
of rectifier discontinuous conduction and load variation is consid-
ered. The diode bridge in an LCC-S WPT system often enters the
discontinuous conduction mode (DCM), due to its unidirectional
conductivity property. To better handle this type of nonlinearity,
a linear parameter varying (LPV) model, which allows the model
parameters to change with respect to a set of chosen dependence
variables, is suggested to describe the dynamic behavior of the
system. Based on this LPV model, a modified two degrees of free-
dom internal model control structure is proposed. The proposed
control structure can switch between open loop and closed loop:
when the system is in DCM, the system is configured as open
loop because the load voltage or current is uncontrollable from
the primary side, where any control action may impair the control
system performance; otherwise, the system is operated in closed
loop. Experimental results are provided to validate the effectiveness
of the proposed modeling and control method.

Index Terms—Discontinuous conduction mode, internal model
control, linear parameter varying model, wireless power transfer.

I. INTRODUCTION

A S A convenient, flexible, safe, and efficient power transfer
technology, magnetically coupled wireless power transfer

(WPT) technology can help the electrical appliances get rid of
the shackle of the wire, and has a broad application prospect [1],
[2], [3], [4], [5], [6], [7], [8], [9], [10], [11]. To improve the
application efficiency of the WPT system, scholars have done a
lot of research on coupling structure design [12], [13], [14],
resonance topology [15], [16], [17], frequency characteristic
analysis [18], [19], [20], etc. As an effective means to improve
the safety, reliability, and economy of WPT systems, modeling
and control [21] has attracted much attention in recent years.

Normally, the first step in control design is to establish a
suitable system model. The WPT system is a high-order and
nonlinear system due to the high-frequency resonant networks,
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the inverter, and the rectifier in the primary and secondary side
circuits. The switching nature of the inverter and rectifier brings
difficulties to the accurate modeling of the WPT system. At
present, a popular modeling method is generalized state-space
averaging (GSSA) [22], [23], [24], [25]. Any ac state variable
in the system can be represented via Fourier series as long as it
satisfies the Dirichli condition. Then, the general state equation
of the system can be obtained by substituting the state variable
represented by the Fourier series into the state space equation.
By ignoring the high order harmonics of the state variables,
the required accuracy can be achieved. The disadvantage of
this method is that the model order is high, which makes the
controller more complicated.

Aiming at the problems of high order and complex frequency
domain analysis of system models built by methods such as
GSSA, scholars have carried out relevant research on model
order reduction [26], [27]. In [28], the authors removed the poles
that are less important to control system design by inspecting
the Bode diagram, and obtain a reduced-order model of the
system to analyze the low-frequency characteristics. According
to the principle of GSSA and other methods, e.g., [26], the
reason for obtaining a high-order model is that the system state
variable is characterized by two independent parameters, namely
amplitude and phase. Therefore, a circuit simplification method
based on phasor transform is proposed, which decomposes the
inductive components into frequency-dependent and frequency-
independent parts. The inductor is equivalent to two parts in
series, and the capacitor is equivalent to two parts in parallel. By
combining the equivalent components, the two components can
be equivalent to one component, thereby simplifying the model
and reducing the model order. In [29], a general polynomial
approximation technique is proposed to model the system with
low order. The principle is related to the state variables in a
differential equation built according to the circuit principle.
Through the Taylor series expansion of different orders of the
variables on both sides of the equation, a simplified model of
the system can be obtained. According to the requirements of
accuracy, the Taylor series can be expanded to the required order.
Through Bode diagram, it is found that the low frequency band
characteristics of the system can be described by a low-order
model, and the characteristics used are similar to those in [28],
but the modeling process and expression are more general.

As regards controller design, a PID parameter tuning method
based on genetic algorithm for high-order system such as
bidirectional WPT system is discussed in [30]. The parameters
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of the PID controller are determined using a multiobjective
genetic algorithm by properly selecting the objective function,
which is a weighted combination of settling time, rising
time, and peak overshoot. Compared with the traditional PID
controller, it has better robustness and stability, but it also has
higher computing burden. Model predictive Control (MPC) is
used in [31] to ensure the optimal dynamic tracking performance
of the system when the coupling coefficient changes rapidly in a
wide range. The GSSA method is used in [32] to establish a linear
model for the system and designs an H∞ controller to eliminate
the external disturbance and parameter disturbance. However,
the precondition of the method proposed in [31] and [32] is that
all circuit parameters of the system can be accurately measured.

It is noticed that when the induced voltage at the input port of
the rectifier is lower than the load voltage, the rectifier will enter
the discontinuous conduction mode (DCM) [33]. In this state,
no current flows through the diode bridge, indicating that the
state of the secondary side of the system cannot be controlled
from the primary side, which poses a great challenge to control
design. Moreover, the problem on how to improve the quality of
control in DCM has been seldom investigated in the literature.
In this article, the internal model control (IMC, see, e.g., [34],
[35]) with configurable structure is proposed. That is, the system
is configured in the open-loop control mode if DCM is de-
tected, otherwise the system remains in the closed-loop control
mode. Moreover, to improve the accuracy of system modeling
that is helpful for control design, this article adopts the linear
parameter varying (LPV) modeling method in [36], in which
the structure and parameters of the model are obtained only
through the experimental data regardless of the detailed circuit
parameters. Compared with the full closed-loop control strategy,
since DCM has been fully considered in modeling and control in
the proposed strategy, the modeling accuracy can be improved
by the LPV model, and the control quality can be improved by
the mode switching control strategy. The rectifier is a common
nonlinear device in ac–dc power conversion, whose nonlinearity
primarily arises from the parasitic properties of the rectification
diode and the line-commutation process [37], [38]. The influence
of the input impedance of rectifiers was discussed in [39],
where the impedance was obtained from the PSPICE model, but
the generalization of this model to other devices has not been
discussed. In [40], by disregarding the nonlinearity caused by the
line commutation process, an analytical model for the impedance
of rectifiers in positive half cycle was introduced. In [41], a
measurement-based characterization method for rectifiers is pro-
posed, where curve-fitting techniques such as polynomials and
rational functions were proposed to approximate the behavior of
a rectifier. Nevertheless, this approach is unsuitable for systems
operating above the MHz frequency range. An accurate load
model for nonlinear rectifiers was established in [42], which
takes the current interruption and parasitic parameters into ac-
count, thus enabling accurate handling of all load conditions with
continuous or discontinuous rectifier currents. However, due to
the presence of input reactance, this model is also unsuitable for
systems operating above the MHz frequency range.

The rest of this article is organized as follows: The
model of the WPT system under consideration is analyzed in

Fig. 1. LCC-S WPT system. (a) Circuit diagram. (b) Equivalent circuit.

Section II; The control system design based on the resulting
model is discussed in Section III; Subsequently, experimental
results are given in Section IV to validate the modeling and
control methods; Finally, conclusions are drawn in Section V.

II. CONTROL-ORIENTED MODELING

The identification and control method will be derived on the
basis of the LCC-S WPT system described in Fig. 1(a), where
the phase shift of the full-bridge inverter U is chosen as the
control variable to regulate the load voltage Vo or current Io. The
primary side adopts an LCC compensation network composed of
Lpr, Cpr, and Cp. The LCC compensation network is a parallel
resonant converter, where the voltage of Cpr is used to transfer
power from the source to the secondary side [43]. The secondary
side takes a series compensation network using a single capacitor
Cs. The LCC-S WPT system has an advantage that it acts like a
voltage source and, so, the load voltage Vo is nearly independent
of the load resistance Ro.

A. Model Structure Analysis

A model that relates the input and output variables of the WPT
system is quite helpful for control design. Also, it is expected that
the model is simple, with only a minimal number of parameters,
but can accurately describe the dynamic behavior of the system.
In this section, we explain how to derive the structure of this
control-oriented model based on circuit theory. To facilitate
this structural analysis process, it is assumed that switches and
diodes in the circuit are considered as ideal, and that all the
parasitic parameters are negligible. Under these assumptions,
an equivalent circuit of the system in Fig. 1(a) can be derived;
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see Fig. 1(b), where Req is the equivalent resistance of the
rectifier load. Based on this equivalent circuit, by introducing the
differential operator p: p = d/dt, the system can be described
by the following equations:(

Lprp+
1

Cprp

)
(ipr − ip) + Lprpip = v1 (1a)(

Lpp+
1

Cpp

)
ip +Mpis =

1

Cprp
(ipr − ip) (1b)(

Lsp+
1

Csp
+Req

)
is +Mpip = 0 (1c)

(Cfp+ 1/Ro)Vo = Ir. (1d)

In the above model, Ir and is are linked through

Ir =
1

T0

∫ T0

0

|is|dt (2)

where T0 is the switching period and |is| denotes the absolute
value of is. Moreover, the variables ipr and ip can be eliminated
from the first three equations of (1) to obtain a more compact
model relating only is and v1((

Zpr(p)Zp(p) +
Lprp

2

Cpr

)
(Zs(p) +Reqp)

− Zpr(p)M
2p4
)
is = −Mp3

Cpr
v1 (3)

where Zpr(p) = Lprp
2 + 1/Cpr; Zp(p) and Zs(p) are similarly

defined.
Thanks to the good band-pass filtering feature of the resonant

tank, it is reasonable to approximate is by its first harmonic in
the following way:

is ≈ Re
{
Ise

jω0t
}

(4)

where ω0 is the angular switching frequency; Is = Isd + jIsq is
the complex-valued envelope of is; Isd and Isq denote the real
and imaginary parts of Is, respectively. In the same light, v1 can
be approximated as

v1 ≈ Re

{
2

π
Vdce

jω0t+U/2 − 2

π
Vdce

jω0t+π−U/2

}
= Re

{
4

π
Vdc cos(U/2)e

jω0t

}
. (5)

For the right-hand side of (4), it can be shown that (see
also [36])

pk
{
Ise

jω0t
}
= (p+ jω0)

k Ise
jω0t, k ∈ N. (6)

Substituting (4)–(6) into (3) and eliminating ejω0t from both
sides, we have

A(p)Is = B(p) cos(U/2) (7a)

(Cfp+ 1/Ro)Vo = Ir (7b)

where A(p) and B(p) are polynomials in p defined as

A(p) = (Zpr(p+ jω0) · Zp(p+ jω0)

+Lpr/Cpr · (p+ jω0)
2
)

· (Zs(p+ jω0) +Req · (p+ jω0))

− Zpr(p+ jω0) ·M2 · (p+ jω0)
4 (8a)

B(p) = MV1

Cpr
· (p+ jω0)

3 (8b)

in which V1 = 4Vdc/π.
It should be noted that the rectifier input voltage v2 is a square

wave of amplitude switching between ±Vo, so the amplitude of
the first harmonic of v2 is 4Vo/π. Then, Req is approximated as

Req ≈ 4Vo

π|Is| . (9)

Furthermore, is is almost sinusoidal, so Ir can be approxi-
mated as

Ir =
1

T0

∫ T0

0

|is|dt

≈ 1

T0

∫ T0

0

|Isd cos(ω0t)− Isq sin(ω0t)|dt

=
2

π
|Is|. (10)

The model (7) is composed of a sixth-order complex-valued
part (7a) and a first-order real-valued part (7b). If the real and
imaginary decomposition of (7a) is performed, the complete
model will be converted to a real-valued model of order 13,
which is too high. In the next section, we will use an LPV model
instead of (7) for control-oriented modeling.

B. LPV Models

An LPV model adopts a linear model structure, but its
parameters can vary as a function of the scheduling variables. In
the LCC-S WPT system considered in this article, both Req and
Ro could change. As shown in (7), the characteristic polynomial
of (7a) is dependent on Req while the characteristic polynomial
of (7b) is dependent on 1/Ro, so the characteristic polynomial of
the LPV model that relatesU andVo could possibly be dependent
on Req, 1/Ro, and Req/Ro. Without any loss of generality, the
LPV model to describe the system dynamics is defined as

A(p, h1, h2, h3)Vo = B(p)f(U) (11)

where h1 = Req, h2 = 1/Ro, and h3 = Req/Ro are also called
scheduling variables from here on, and

B(p) =

nb∑
i=0

bip
nb−i (12a)

A (p, h1, h2, h3) = pna +

na∑
i=1

(
ai,0 +

nh∑
�=1

ai,�r�

)
pna−i

(12b)

with f(U) being the input nonlinearity function defined by

f(U) = cos(U/2) + c (13)

where c is an unknown parameter to be estimated.
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In the above LPV model, each parameter is dependent on
three scheduling variables h1, h2, and h3, which increases for
sure the model complexity. In the following, we will show how
the number of dependencies can be reduced when information
about the topology and parameter design of the system is taken
into account. In the LCC-S WPT system, the circuit component
parameters are selected such that

ω0Lpr =
1

ω0Cpr
= ω0Lp − 1

ω0Cp
(14a)

ω0Lp = ω0Lpr +
1

ω0Cp
(14b)

ω0Ls =
1

ω0Cs
. (14c)

In this case, by replacing p in (7) by the Laplace operator s,
the steady-state value of Is can be obtained at s → 0 as

Is = lim
s→0

B(s)
A(s)

f(U) =
MV1

LprReq
f(U) (15)

where it is shown that Is is dependent on Req. Furthermore, in
the steady state, we have Req = 8Ro/π

2 and the steady-state
load voltage is

V o = lim
s→0

1

Cfs+ 1/Ro
Ir =

2

π

∣∣Is∣∣Ro

=
2MV1

πLpr
f(U) · Ro

Req

=
VdcM

Lpr
f(U) (16)

which reveals that the steady-state load voltage is independent of
Ro. Under this consideration, it would be reasonable to neglect
dependence variables regardingRo to obtain a simplified version
of (11), i.e.,

A(p, h1)Vo = B(p)f(U) (17)

where B(p) is the same as the one defined in (12a) and

A (p, h1) = pna +

na∑
i=1

(ai,0 + ai,1h1) p
na−i. (18)

On the other hand, if the output variable is chosen as the load
current Io, then according to the relation Vo = IoRo, we have

A(p, h1)Io = B(p, h2)f(U) (19)

where A(p, h1) is the same as the one defined in (18) and

B(p, h2) =

nb∑
i=0

bih2p
nb−i. (20)

Once the model structure has been determined, the unknown
model parameters can be estimated from sampled input–output
data {Vo,k, Uk} and scheduling variables {h1,k, . . . , hnh,k},
k = 1, ..., N . For example, in the case of (11), the parameter
estimation problem is defined as

ϑ̂ = argmin
ϑ

1

2N

N∑
k=1

(
Vo,k − V̂o,k

)2
(21)

Fig. 2. Basic IMC. (a) Block diagram. (b) Equivalent structure.

where V̂o,k is the output generated from the model, and

ϑ = [a1,0, . . . , a1,nh
, a2,0, . . . , ana,nh

, b0, . . . , bnb
, c]T . (22)

The optimization problem (21) can be solved by a standard
optimization procedure such as the Gauss–Newton method. To
save the space, the detailed algorithm will not be presented here,
and the interested reader is directed to references such as [36].

III. CONTROL DESIGN

The IMC was first introduced in [34] and has been widely used
in process control, thanks to its robustness against disturbances.
The basic IMC is shown in Fig. 2(a), where r is the reference
signal, u the actuating signal, f the input nonlinearity, e the
disturbance, y the output signal, ŷ the predicted output, C the
controller, G0 the rational part of true plant, and G the rational
part of the model. Since the full-bridge inverter introduces a
static nonlinearity f(U) to the system and the phase shift is
only allowed to be in the interval [0, π], a saturation block and
linearization block is added to the control loop. After that, the
control can be designed following the procedure of linear control
design. For convenience in the notation, the input and output
variables of the LCC-S WPT system will also be denoted by u
and y, respectively. The model G(p) is then formulated as

G(p) =
B(p)

A(p, h1, h2, h3)
. (23)

For the basic IMC structure shown in Fig. 2(a), the closed-loop
transfer function of the system takes the form

y =
G0(p)C(p)

1 + (G0(p)−G(p))C(p)
r

+
1−G(p)C(p)

1 + (G0(p)−G(p))C(p)
e. (24)
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Fig. 2(a) can also be transformed to the conventional feedback
structure shown in Fig. 2(b), where the controller is

Q(p) =
C(p)

1−G(p)C(p)
. (25)

It can be seen from (24) that, in the ideal case where there is
no modeling error, i.e., G(p) = G0(p), the model is invertible,
and the control is designed as the inverse model, i.e., C(p) =
1/G(p), we have y = r, meaning that the controlled variable
tracks perfectly the command input.

In practical situations, although it is possible to use the
system identification technique to infer a model that accurately
describes the system dynamics, it is not always guaranteed that
the model is invertible, due to factors such as pure differentiation,
time delay, right-half plane (RHP) zeros, etc. A practical way
for control design is as follows. First, the model is decomposed
as

G(p) = Gm(p)Gn(p) (26)

where Gm(p) is the minimum phase part while Gn(p) is non-
minimum phase part. Taking G(p) = (p− 4)/(p2 + 2.8p+ 4)
as an example, the corresponding minimum and nonminimum
phase parts are, respectively, Gm(p) = 1/(p2 + 2.8p+ 4) and
Gn(p) = p− 4. Subsequently, the controller is designed based
on the minimum phase part Gm(p) as

C(p) =
F (p)

Gm(p)
=

λn

(p+ λ)nGm(p)
(27)

where n ∈ N is chosen such that C(p) is strictly proper, and
F (p) is a low-pass filter with break-point frequency λ. IfG(p) =
G0(p), the closed-loop transfer function (24) becomes

y = F (p)Gn(p)r + (1− F (p)Gn(p))e (28)

from which it is obvious that F (p) will dominate the reference
tracking performance of the closed-loop system.

A. Handling of Rectifier Nonlinearity

The rectifier is a nonlinear element in which the current can
only flow from the resonant tank to the load. Due to the existence
of dc bias voltage provided by the output filter Cf , the rectifier
will enter the DCM if the induced voltage at the input port is
lower than the load voltage. In the DCM, there is no current
flowing through the rectifier, meaning that the system is out of
control from the primary side.

To illustrate the above-mentioned problem, let us consider
the system presented in Fig. 3. For the full-bridge inverter,
an increase in U means less energy to be injected into the
resonant tank and, as a result, the induced voltage across the input
port of the diode bridge will decrease. If the induced voltage
reduces to a value that is smaller than the dc bias voltage Vo

provided the output filter capacitor Cf , the rectifier current will
be clamped to zero. In this state, the equivalent resistance of
the rectifier load Req becomes very large, as shown in panel (c)
of Fig. 4. Moreover, DCM usually occurs at positive steps of
U , and it could also occur at negative steps of U if the system
has a strongly oscillatory behavior: the rectifier current may be
clamped to zero at the negative oscillation half-cycles.

Fig. 3. Main parameters of the simulated system.

Fig. 4. Dead zones resulted from rectifier bridge.

In DCM, we are not able to regulate the load voltage or current
on the primary side. Any inappropriate feedback control would
impair the control performance when the system is tentatively
uncontrollable. Therefore, it is better to perform open-loop
control unless the system has run out of DCM. There remains
a question on how to determine the operation mode. Here, a
method based on monitoringReq is proposed: whenReq is larger
than a certain threshold, we say that the system is in DCM, and
open-loop control is enabled, otherwise when the system is in
continuous conduction mode, feedback control is adopted; see
the next section for more details.

B. Proposed Control Structure

In this section, we investigate how to implement the control
strategy suggested in the previous section. The proposed control
structure (see Fig. 5) can be viewed as a modified version of the
two degrees of freedom IMC, where a reference filter F1(p) and
a disturbance filter F2(p) are introduced to separately tune the
reference tracking and disturbance rejection performance. The
novelty lies in the introduction of the switch S in the feedback
channel to switch between open-loop control and closed-loop
control. The state of the switch is determined by Req: when Req

increases to a value larger than the upper bound ν+, S is switched
OFF and open-loop control is enabled; while if Req drops to a
value smaller than the lower bound ν−, S is switched ON and
closed-loop control is enabled.
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Fig. 5. Proposed two degrees of freedom IMC structure. The states of S is
dependent on Req: if Req > ν+, S is switched OFF, while if Req < ν−, S is
switched ON.

Below is given a discussion on the transfer function when
the system is operated in open loop or closed loop. Since the
LPV model derived in Section II-B has a scalar numerator, there
is no RHP zero in the identified model, i.e., Gm(p) = G(p),
and the controller can be designed as C(p) = F (p)/G(p). It is
further assumed that the identified model G(p) is accurate, i.e.,
G(p) ≈ G0(p). Under the above assumptions, when the system
is operated in open loop with S being switched OFF, and the
open-loop transfer function from r to y takes the form

y = F1(p)C(p)G0(p)r ≈ F (p)F1(p)r (29)

showing that y is able to track r if F1(p)F (p) is designed to
have a unit steady-state gain.

Again, in the closed-loop control scenario when S is switched
ON, the transfer function that relates y to r and e becomes

y =
G0(p)C(p)F1(p)

1 + (G0(p)−G(p))C(p)F2(p)
r

+
1−G(p)C(p)F2(p)

1 + (G0(p)−G(p))C(p)F2(p)
e

≈ F (p)F1(p)r + (1− F (p)F2(p)) e (30)

from which it is clear that F1(p) affects the reference track-
ing performance, while F2(p) affects the disturbance rejection
performance.

IV. EXPERIMENTAL RESULTS

In this section, experiments are carried out to validate the
effectiveness of the proposed modeling and control method.
The experimental apparatus is shown in Figs. 6 and 7, along
with the main circuit component parameters listed in Table I. In
these tests, the load resistance is assumed to vary with respect
to time in the interval

Ro ∈ [5, 20] Ω. (31)

More details regarding the experimental results are shown in
the following two sections.

A. Model Identification

The data used for model identification should be sufficiently
informative to ensure the identifiablility of the system. To this
end, the phase shift of the inverter is chosen as a sequence of

TABLE I
MAIN CIRCUIT PARAMETERS

uniformly distributed random numbers drawn from the interval
[0, π] rad. Once the perturbation sequence is applied to inverter,
the peak value of the secondary resonant current Ispk, the load
voltage Vo, and the load current Io are simultaneously sampled
with the sampling interval Ts = 0.02 ms, and a total number
of N = 10 000 samples are collected. The data are transmitted
from the secondary side to the primary controller via wireless
communication. The communication delay is about 840 μs.

The phase shift U , load voltage Vo, load current Io, load
resistance Ro, and equivalent rectifier load Req are shown in
Fig. 8, where numerous dead zones can be observed. In steady
states, Req = 8Ro/π

2 ∈ [4.1, 16.2] Ω according to (31). The
dead zone shown in Fig. 8 is the interval, where Req � 20 Ω.
Interestingly, the rate of Vo changes at falling edges is much
slower than that at rising edges.

Subsequently, we identify a second-order model using the
method presented in [36, Algorithm 1], where the parameters in
denominator polynomial are dependent on three variables h1 =
Req, h2 = 1/Ro, and h3 = Req/Ro

Vo = Ĝ(p) (cos(U/2) + ĉ)

=
b̂ (cos(U/2) + ĉ)

p2 +
∑3

�=1 ((â1,0 + â1,�h�)p+ â2,0 + â2,�h�)
(32)

with â1,0=4.7634 ·103, â1,1=1.7310 ·103, â1,2=3.1087 ·104,
â1,3 = −2.8008 · 103, â2,0 = 1.1674 · 107, â2,1 = −4.5711 ·
104, â2,2 = 3.9292 · 105, â2,3 = 3.2361 · 106, b̂ = 4.5534 · 108,
and ĉ = −7.5495 · 10-2.

As a comparison, we also identify a second-order model,
where h1 is the only scheduling variable

Vo = Ĝ(p) (cos(U/2) + ĉ)

=
b̂ (cos(U/2) + ĉ)

p2 + (â1,0 + â1,1h1)p+ â2,0 + â2,1h1
(33)

with â1,0 = 6.1753 · 103, â1,1 = 1.4977 · 102, â2,0 = 1.1944 ·
107, â2,1 = −4.3404 · 104, b̂ = 3.8776 · 108, and ĉ = −6.0303 ·
10-2.
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Fig. 6. Detailed explanation of the experimental prototype.

Fig. 7. Experimental prototype.

The accuracy of the identified models are evaluated by the
fitness ratio defined below

fit = 1− ‖Vo − V̂o‖
‖Vo − mean{Vo}‖ (34)

where V̂o is the predicted output from the identified model.
The fitness ratios and predicted outputs of the identified models
(32) and (33) are shown in Fig. 9, from which we can see that
model (32) yields a higher fitness ratio (fit = 0.9) because its
denominator parameters are dependent on all the dependence

variables h1, h2, and h3. On the contrary, when we consider
the simplified model (33) where the denominator parameters
are dependent on only h1, the model accuracy declines slightly
(fit = 0.84). Fortunately, the slight decrease in accuracy does
not affect too much output response. From these comparative
results, it is then reasonable to design the IMC based on the
simpler model (33).

When the output variable is chosen as the load current, by
the relation Io = Vo/Ro and following from (32) and (33), the
models that relates Io and U are immediately obtained as (see
Fig. 10 for the model responses)

Io =
b̂h2 (cos(U/2) + ĉ)

p2 +
∑3

�=1 ((â1,0 + â1,�h�)p+ â2,0 + â2,�h�)
(35a)

Io =
b̂h2 (cos(U/2) + ĉ)

p2 + (â1,0 + â1,1h1)p+ â2,0 + â2,1h1
(35b)

in which the model parameters are the same than those in models
(32) and (33).

B. Control of Load Voltage and Current

In this section, we validate the IMC shown in Fig. 5 for
load voltage or current regulation. To achieve fast reference
tracking, the reference filter is designed as F1(p) = 1, while
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Fig. 8. Experimental data for model identification. (a) Original oscilloscope
data. (b) Subsampled data from the oscilloscope data.

Fig. 9. Prediction of the load voltage using the models in (32) and (33).

Fig. 10. Prediction of the load current using the models in (35a) and (35b).

Fig. 11. Load voltage control using PI, where Tr is the rising time when Vo

steps from 5 V up to 25 V, while Tf is the falling time when Vo steps from
25 V down to 7 V. (a) Original oscilloscope data. (b) Subsampled data from the
oscilloscope data.

the disturbance filter is designed as

F2(p) =
λ2

p+ λ2
(36)

where λ2 is the break-point frequency.
To improve the control performance during DCM, we switch

OFF S in Fig. 5 to enable open-loop control if the instantaneous
value of Req is larger than ν+ = 30, while switch ONS to enable
closed-loop control if Req < ν− = Ro. We first consider load
voltage control, and the simplified model (33) is used for control
design. Since the relative order of (33) is 2, the controller C(p)
is then designed as

C(p) =
F (p)

Ĝ(p)

=
λ2
(
p2 + (â1,0 + â1,1h1)p+ â2,0 + â2,1h1

)
b̂(p+ λ)2

(37)

where â1,0 = 6.1753 · 103, â1,1 = 1.4977 · 102, â2,0 = 1.1944 ·
107, â2,1 = −4.3404 · 104, and b̂ = 3.8776 · 108.
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Fig. 12. Load voltage control using IMC (λ = 500 and 1000 rd/s), where Tr is the rising time when Vo steps from 5 V up to 23 V, while Tf is the falling time
when Vo steps from 25 V down to 7 V. (a) and (b) Original oscilloscope data. (c) and (d) Subsampled data from the oscilloscope data.

Fig. 13. Zooming part of the DCM in Fig. 12(b).

Here, a question remains to answer is how to choose the
parameters λ and λ2. Some guidelines are suggested in the
following:

1) In real applications, disturbances are inevitable due to
the existence of measurement noise, discretization errors,
model mismatch, etc. The role of F2(p) is to mitigate
the effect of these disturbances in the feedback loop. To
preserve the useful information as much as possible, a

Fig. 14. Power loss distribution.

simple way is to let λ2 be the bandwidth of Ĝ(p). Accord-
ing to (33), the bandwidth of Ĝ(p) varies as a function
of Req, and the maximum bandwidth λmax = 2600 rad/s
is obtained at Req = 0 Ω. In this regard, we can set
F2(p) = 3000 rad/s.

2) When F1(p) = 1, the reference response is dominated by
F (p): the larger λ is, the faster the reference response
can be. However, λ cannot be chosen arbitrarily large
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Fig. 15. Load current control using PI and IMC with λ = 1000 rad/s, where Tr is the rising time when Io steps from 0.7 A up to 1.42 A, while Tf is the falling
time when Io steps from 1.5 A down to 0.78 A. (a) and (b) Original oscilloscope data. (c) and (d) Subsampled data from the oscilloscope data.

because it will deteriorate robustness of the system to
disturbances and lead to overshoots and oscillations in the
output response. Therefore, λ should be carefully chosen
in order to tradeoff between control quality and robustness.
Here, we suggest to tune λ starting from λmax down to
a value where satisfactory output response is obtained.
In this example, we compare two values for λ: 500 and
1000 rad/s.

The experimental results for load voltage control using pro-
portional integral (PI) control are presented in Fig. 11. The
PI parameters are tuned at Ro = 10 Ω as Kp = −0.004 and
Ki = −7. This means that the PI control will give the best
performance when Ro = 10 Ω, but the performance decays
when the load resistance deviates too far from the nominal value.
The experimental results for load voltage control using IMC are
available in Fig. 12.

When the reference r steps from 5 to 25 V at t = 60 ms, the
load voltage tracks quicker the reference for λ = 1000 rad/s:
the rising time is only tr = 2.9 ms (here tr is the time consump-
tion when the output reaches 90% the change of reference),
while this value for λ = 500 rad/s is 6.6 ms. However, the
load voltage has an obvious overshoot when λ = 1000 rad/s,

which means that the closed-loop system is not as robust as
the case with λ = 500 rad/s. This phenomenon coincides the
argument that λ enables us to choose between control quality
and robustness. When the reference steps from 25 down to 5 V
at t = 130 ms, the system enters immediately DCM and, after
that, takes about 9 ms to recover from this state (see Fig. 13 for
a zooming part of the DCM). In this case, the switch S in Fig. 5
is switched OFF so that the system is operated in open loop. At
time t = 140 ms, the system runs out of the DCM state, then S is
switched ON to enable closed-loop control. Due to the presence
of DCM, the system takes much longer time to converge for
negative steps of the reference (the falling time is tf = 8.6 ms
for λ = 1000 rad/s). It can be seen that the performance of
the PI controller at the falling edge of the load voltage is not
so satisfactory, because the control action is imposed during
DCM but the load voltage is actually not controllable at this
time. This problem does not happen in the proposed IMC,
because the control system will switch to open loop if DCM is
detected.

Subsequently, let us consider load current control. Since Io =
Vo/Ro, the same control setting in load voltage control can be
used for load current control, except for the controller C(p),
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which is designed based on the identified model (35b) as

C(p) =
F (p)

Ĝ(p)

=
λ2
(
p2 + (â1,0 + â1,1h1)p+ â2,0 + â2,1h1

)
b̂h2(p+ λ)2

. (38)

The experimental results are shown in Fig. 15. It seems that
the load current responses resembles the load voltage responses
shown in Fig. 11. However, a small flaw that can be observed
from Fig. 15 is the spikes when the load resistance changes
at t ≈ 25, 95, and 165 ms. The reason could be explained as
follows: the LCC-S WPT system acts like a voltage source,
i.e., the load voltage remains quasi-constant in the presence of
load variation, so forcing the load current to change when load
resistance changes.

Finally, let us present the efficiency of the system. When
the load is fixed as 5 Ω, the measured input power of the
system is Pin = 139 W, while the measured output power is
approximately 122.77 W, so the efficiency of the system is
88.3%. This efficiency can be further improved if the power
level becomes higher. The power loss distribution is presented
in Fig. 14.

V. CONCLUSION

This article has addressed the problem of modeling and con-
trol for an LCC-S WPT system. Due to the constant voltage
output property of the LCC-S WPT system, various dead zones
can arise in the rectifier current during the load voltage/current
regulation process. Also, the load resistance could change with
respect to time, forcing the load current to change. In this
article, an LPV model is proposed to provide a better explanation
into the dead-zone and load variation nonlinearities. Based on
the identified LPV model, a modified two degrees of freedom
IMC structure is proposed for load voltage/current control. The
proposed structure can switch adaptively between open loop and
closed loop: when a dead zone arises, the load voltage/current
is uncontrollable from the primary side and so the system is
switched to open-loop mode; once the system has run out of this
dead zone, the system is switched back to closed-loop mode.
Experimental results have shown that the proposed LPV models
are quite efficient and accurate in the presence of numerous dead
zones and moderate load variation, and in the proposed IMC-
based structure, the open- and closed-loop switching mechanism
achieves very good reference tracking performance in both load
voltage control and load current control.
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