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Abstract—The low-order Hammerstein model plus time delay
has been a popular option to describe the dynamic behavior of
a wireless power transfer (WPT) system. The controller designed
based on this model can achieve better set point tracking perfor-
mance in a computationally efficient way. Furthermore, load and
mutual inductance variations are quite common in WPT systems
and they will impair the modeling accuracy and control perfor-
mance if one has not been taken into account. To address this prob-
lem, this article proposes a combined internal model control (IMC)
and Luenberger disturbance observer (LDO) method to achieve
enhanced disturbance rejection performance against load and mu-
tual inductance variations. Specifically, a data-driven method is
employed to build the system model, then the IMC-based method
is proposed for controller design, in which LDO is combined to
observe and eliminate the disturbances. To ensure the stability
of the closed-loop system, a pole placement method is suggested
to properly design the observer gain. Thanks to the LDO that
can accurately estimate the disturbances resulting from load and
mutual inductance variations, the IMC controller can rapidly track
the set point irrespective the disturbances. Finally, simulation and
experimental results are provided to validate the effectiveness of
the proposed method.

Index Terms—Data-driven modeling, disturbance rejection
control, internal model control (IMC), Luenberger disturbance
observer (LDO), wireless power transfer (WPT).

I. INTRODUCTION

W IRELESS power transfer (WPT) based on magnetic
resonant coupling has many advantages, such as less

physical contact, significant reliability, and flexibility [1], [2],
[3], so it has been practiced widely in various fields, especially in
the portable devices, biomedical engineering, electric vehicles,
marine industries, oil drilling [4], [5], [6], [7], [8]. In practical
operation, uncertainties exist in the load of WPT systems, and
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gaps between primary and secondary coupling mechanisms can
lead to fluctuations in system mutual inductance parameters. In
addition, environmental factors may induce variations in circuit
parameters. Due to these factors, system outputs inevitably ex-
hibit instability, potentially leading to electrical equipment dam-
age. To address the output instability resulting from changes or
fluctuations in mutual inductance or load parameters, numerous
researchers have conducted extensive investigations. Particular
coil structure designs can be used to suppress fluctuations in mu-
tual inductance [9], [10], [11], [12]. Resonant network topology
design can impart a quasi-constant current/voltage characteristic
to the system’s output, effectively mitigate fluctuations caused
by load variations [13], [14], [15]. Both methods are relatively
simple to implement. However, specific coil structures can only
effectively suppress output fluctuations caused by mutual induc-
tance disturbances in some systems, and suppressing load distur-
bances is ineffective. A specific topology design can only effec-
tively suppress output fluctuations caused by load disturbances,
and suppressing mutual inductance disturbances is ineffective.
Therefore, closed-loop control methods are necessary to achieve
more accurate and stable system outputs. Typically, closed-loop
control encompasses secondary-side and primary-side control.

Currently, secondary-side control methods mainly involve
adding additional dc–dc converters to suppress output fluctu-
ations. Liu et al. [16] proposed a PI passivity-based control
(PIPBC) method to ensure stable system output in the presence
of mutual inductance disturbances. In [17], a discrete-sliding-
mode control (DSMC) was devised to achieve constant output
voltage. Zhou et al. [18] proposed a model predictive control
(MPC) strategy to ensure system output stability by adjusting
the output voltage. Wang et al. [19] introduced a hybrid control
strategy to mitigate system output fluctuations. Zhang et al. [20]
proposed an output regulation and disturbance observer (OR-
DOB) method to maintain constant output voltage by adjusting
the duty cycle of the dc converter. This approach effectively
suppresses output voltage fluctuations in the presence of mu-
tual inductance variations. These methods have the following
characteristics. The output is directly sampled on the secondary
side for feedback control, avoiding the need for communication
links. Those components added in the dc–dc converter, including
switching devices, large capacitors, and inductors, will increase
system size, reduce overall efficiency under nominal operating
conditions, and increase the system’s dynamic response time.
Note that in such secondary dc–dc controlled WPT systems,
the wireless link is simplified as a dc voltage source (i.e., the
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dynamics of the wireless link is neglected), so in the modeling
and control of the system is the same than that of a conventional
dc–dc converter.

Primary-side control includes indirect closed-loop control and
direct closed-loop control as follows.

1) The indirect control methods based on primary-side pa-
rameters identification can estimate appropriate the phase-
shifting (PS) angle to ensure output stability. This method
involves real-time sampling of the output current and the
output voltage of the inverter in primary side to identify
mutual inductance or load parameters. The entire pro-
cess is completed solely at the primary side [21], [22],
[23], without the wireless communication. Typically, this
method necessitates prior knowledge of certain system
parameters, such as mutual inductance or load. Usually,
this method requires that the unidentified parameters of
the system are known, and that the system parameters and
topology remain unchanged. The complex identification
algorithms may result in significant output control delays.
In practical operation, system parameters may deviate or
be unknown, leading to identification challenges. This
method lacks real-time feedback on the system output,
which may lead to delayed output adjustment, reduced
adjustment accuracy, and thus, affect the stability of the
system.

2) The combination of primary-side dc–dc converter and
communication can achieve direct closed-loop control.
The research in this area mainly focuses on improving the
efficiency of the system [24], [25], [26]. The systems that
apply such methods have low efficiency and large volume.
In addition, the combination of communication feedback
and primary-side PS control can also achieve direct closed-
loop feedback control of system output. This approach
offers the benefits of simplicity, lightweight design, and
easy implementation, facilitating precise control of the
secondary output. The related research mainly focuses
on establishing dynamic models of the system [27], [28].
The case of the time-varying parameter perturbations is
not considered in the design of the controller, which may
cause instability in the output.

Therefore, the method of combining communication feed-
back with primary-side PS control for output adjustment is
adopted in this article. Nonlinear issues can arise due to the
switching devices of the inverter in PS control process. In
actual operation, changes or disturbances in the parameters of
the WPT system may occur due to environmental and aging
reasons, posing challenges in the design of the control system.
Therefore, it is necessary to establish the system model and
adopt appropriate control methods to ensure the stability of
the system. Traditional modeling methods for the WPT system
include generalized state-space averaging [29], ac impedance
analysis [30], etc., have the disadvantage of relying on spe-
cific system parameters, while data-driven modeling infers the
system model parameters and communication delays through
input–output data [31], which is more suitable for control system
design. The Hammerstein model, which consists of a static
input nonlinearity function followed by a linear transfer model,

is an effective model to describe the dynamic behavior of a
primary side PS controlled WPT system [27], [28], [32], [33].
Furthermore, if the load and mutual inductance is time varying,
the linear parameter-varying (LPV) Hammerstein model could
be a more accurate choice [34]. However, in this article, the LPV
Hammerstein model will not be considered. We adopt the sim-
pler Hammerstein model plus disturbance structure, where the
Hammerstein model is used to capture the dominant behavior of
the system while the disturbance is used to describe uncertainties
resulting from the coupling or load variations.

Usually, in closed-loop systems, the controller and observer
are used simultaneously to achieve precise output control and
state estimation [35]. This combination can provide the ad-
vantage of two-degree of freedom, not only achieving precise
reference tracking, but also significantly enhancing the dis-
turbance suppression ability of the closed-loop system. The
internal model control (IMC) has the advantages of low-
computational burden and simple implementation [36]. In our
previous work [27], a voltage controller was designed based
on the IMC principle considering pure communication delay
compensation. This not only reduce adjustable parameters, but
also improves the robustness of the system. However, there are
two issues that have not been considered as follows: First, the
parameters of the controller for the tracking performance and
the disturbance rejection performance need to be separated.
Second, the IMC remains unchanged under time-varying dis-
turbances, which may not guarantee the stability of the sys-
tem. In other words, the IMC may not effectively eliminate
disturbances caused by model mismatches [37]. Currently, the
most commonly used observers for system state estimation and
disturbance compensation include disturbance observer (DOB),
extended state observer (ESO), and Luenberger disturbance
observer (LDO). The DOB is designed using the inverse of the
system model and requires an addition of extra filters [20], [38].
Due to limitations in filter design, in some cases, it will affect the
dynamic performance of the system [38]. The traditional ESO
is generally used in the design of active disturbance rejection
control systems [39], [40]. It does not rely on the accurate
system model, requiring only knowledge of the system’s order
and approximate dynamic characteristics. The application of
the ESO in systems with the time-delay link is relatively less
explored. The LDO can estimate unknown state variables, which
has the advantages of being simple and easy to implement,
exhibiting relative robustness to system parameter variations
and measurement noise [41], [42]. It performs exceptionally
well in the real-time estimation of linear system states online.
In the field of power electronics, the LDO has been gradually
studied due to its superiority [43], [44], [45]. Both LDO and
IMC methods are designed based on the linear model, making it
convenient to combine IMC method with LDO. To enhance con-
trol performance in the presence of disturbances, we introduce
the LDO into the WPT system to compensate for time-varying
disturbances in real-time through a feedforward loop. Based on
the Hammerstein-model-based IMC method proposed in our
previous research [27], in this article, we proposed an IMC-LDO
method to more effectively handle disturbances caused by load
and mutual inductance variations. In the first step, we identify a
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Fig. 1. Example of the PS control for load current.

Hammerstein model with time delay for the WPT system from
experimental data. Then, based on the identified model, the LDO
is constructed and combined with the IMC to enhance the quality
of load current control under time delay and a varying mutual
inductance. Especially, the nonlinearity and time delay of the
system need to be taken into account for observer design. For the
LDO, the tracking performance of state estimation is determined
by the observer poles, so a pole placement algorithm is also
introduced to adjust the observer gain. The two main features of
the proposed IMC-LDO scheme for the WPT system are listed
as follows:

1) A controller based on IMC-LDO structure is proposed to
address the issue of output fluctuations caused by changes
in parameters, such as mutual inductance and load in the
system, in order to accurately and quickly compensate
for disturbances and ensure the stability of the system’s
output.

2) An LDO structure considering nonlinearity and time de-
lay is proposed, and parameters are designed using pole
placement method. The fast and accurate estimation of
overall disturbances in the WPT system is achieved.

The rest of this article is organized as follows. In Section II, a
Hammerstein model for the LCC-S WPT system that relates the
duty cycle and load current is established, and an IMC controller
is designed. In Section III, the LDO design is introduced and the
combination method of the conventional IMC and LDO is illus-
trated. Subsequently, in Sections IV and IV, the simulation and
experimental results are presented to demonstrate the validity of
the IMC-LDO. Finally, Section VI concludes this article.

II. SYSTEM MODELING AND IMC METHOD

A. System Description and Dynamic Modeling

In this article, the LCC-S WPT system with second-order
output characteristics is studied as a typical example. Fig. 1
illustrates a typical closed-loop control structure for the LCC-S
WPT system.

The primary side comprises a dc power supply, a full-bridge
inverter, a primary compensation network, and a transmitting
coil. The secondary side includes a receiving coil, a secondary
compensation network, a rectifier bridge, a output filter, and

Fig. 2. Mutual inductance and load current waveform. (a) Mutual inductance.
(b) Load current.

Fig. 3. Load and load current waveform. (a) Load. (b) load current.

Fig. 4. Block diagram of the WPT system based on the Hammerstein model.

a load. In practical operation, the capacitance and inductance
parameters mainly undergo specific changes due to environ-
mental changes, which can cause very slow changes in the
system parameters. On contrary, mutual inductance and load
could fluctuate very quickly. Figs. 2 and 3 show, respectively,
the load current of an open-loop simulation system under load
and mutual inductance fluctuations. The system adopts the pa-
rameters shown in Section IV. It can be seen that either of the two
parameters changes, the load current will also change. Therefore,
feedback control is necessary to ensure the stabilize the system
output.

Our previous research [28] shows that the system can be
described by a Hammerstein model shown in Fig. 4, where d
represents the duty cycle of PS angle (control variable), f(d)
is the static nonlinearity function, io is the load current, and
Gp(s) is a linear time-invariant transfer function model. The
relationship between io and d can be described as follows:

io = Gp(s)f(d). (1)

The static nonlinearity corresponding to a full-bridge inverter
can be readily obtained as f(d) = sin(πd/2). Alternatively, this
nonlinear function can also be identified from static input–output
data (measured after all transients have been died out). For
convenient of writing, in the following text, d is replaced with
the input variable u and io is replaced with the output vari-
able y. The dynamic linear model can be identified from the
dynamic input–output data, which are related to the transient
response generated by an appropriate excitation signal, such as
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Fig. 5. Block diagram of the IMC scheme based on the Hammerstein model.

the pseudorandom binary sequence (PRBS). To account for the
communication delay, we can add a pure delay τ to the model.
Then, the Hammerstein model of the system can be written
as [32]⎧⎨⎩xu(t) = G(s, θ)f(u(t− τ)) =

B(s, θ)

A(s, θ)
f(u(t− τ))

y(tk) = xu(tk) + v(tk)
(2)

in which G(s, θ) is a linear transfer function for the plant, xu(t)
represents the time-domain response of the plant,u(t− τ) repre-
sents the delayed input, v(tk) represents the output measurement
noise, y(tk) represents the output measurement, and tk = kT
represents the sampling time (withT being the sampling period).
B(s, θ) and A(s, θ) are the following polynomials:

B(s, θ) = bnb
snb + bnb−1s

nb−1 + · · ·+ b0 (3a)

A(s, θ) = sna + a1s
na−1 + · · ·+ ana

(3b)

where θ = [a1, . . . , ana
, b0, . . . , bnb

]� is the vector of unknown
parameters, with na and nb (na � nb) being polynomial de-
grees. The following optimization problem is defined to estimate
the unknown model parameters:

θ̂, τ̂ = argmin
θ,τ

J(θ, τ) (4a)

J(θ, τ) = argmin
θ,τ

1

2N

N∑
k=1

ε2(tk) (4b)

ε(tk) = y(tk)− xu(tk) (4c)

where J(θ, τ) is the cost function and ε(tk) is the output error at
the kth sampling time. The Newton’s steepest gradient descent
method has the characteristics of fast convergence, so it is used
to iteratively estimate the parameters θ and τ .

B. Hammerstein-Model-Based IMC

The Hammerstein-model-based IMC is shown in Fig. 5,
where e denotes the error between the load current y and the
reference iref , P (s) and M(s) denote, respectively, the WPT
system and model, and Q(s) denotes the internal model con-
troller. U(s) represents the output of the feedback controller,
and ud denotes the external disturbance. The control objective
is to force the load current y to track the set point iref . When the
nonlinear component f(·) of the system is fully compensated
for, the control structure can be simplified as the one shown in
Fig. 6, which is the standard IMC structure. GIMC(s) denotes
the feedback controller (the shadowed part of Fig. 6).

Fig. 6. Block diagram of the equivalent IMC scheme.

The ideal internal model controller should be GIMC(s) =
M−1(s). However, this ideal controller is impossible to imple-
ment if M(s) is not strictly proper. Therefore, a practical way
is to decompose M(s) as the nonminimum phase part (e.g.,
right-half plane zeros) M+(s) and the minimum phase part
M−(s). Then, a low-pass filterF (s) = 1/(1 + λs)n is cascaded
in the controller to ensure the stability and robustness of the
closed-loop system. The practical internal model controller is
designed as

Q(s) = F (s)/M−(s). (5)

The feedback controller GIMC(s) can be obtained as

GIMC(s) =
U(s)

E(s)
=

M−1
− (s)

F−1(s)−M+(s)
. (6)

Based on our previous research, the linear part of the LCC-S
WPT system can be described as

M(s) =
b0

s2 + a1s+ a2
e−τs (7)

where b0, a1, a2 represents the model parameters.
M(s) is decomposed as M+(s) = e−τs and M−(s) =
b0/(s

2 + a1s+ a2). Therefore, GIMC(s) is derived as follows:

GIMC(s) =
s2 + a1s+ a2

b0(λ2s2 + 2λs+ 1− e−τs)
. (8)

The parameter λ is the only adjustable parameter in IMC, and
it plays a role in balancing tracking speed and robustness. Ac-
cording to [46], considering factors, such as system robustness
and disturbance rejection capability, the filter time constant λ

can be chosen to be around ten times the sampling period. M(s)
and P (s) generally do not match. According to the robustness
theorem, the closed-loop stability condition of IMC is

|M+(s)F (s)| � 1/lm ∀ω (9)

where lm is the upper bound of model uncertainties

Em(s) =

∣∣∣∣P (s)−M(s)

P (s)

∣∣∣∣ � lm. (10)

Assuming that |M+(s)| = 1, when Em(s) increases, |F (s)|
needs to be selected smaller. Since we have M+(0)F (0) = 1
in IMC, the feedback error e satisfies

e � |1−M+(s)F (s)|
1− |M+(s)F (s)Em(s)| |iref − ud| (11a)

e � |1−M+(s)F (s))| |iref − ud| = |s̃| |iref − ud| . (11b)
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Fig. 7. Block diagram of the IMC-LDO control for the WPT system.

When control frequency ω � 1/λ, we have M+(s)F (s) ≈ 1
and e = 0. When ω � 1/λ, then |F (s)| is very small, and
|M+(s)F (s)Em(s)| ≈ 0. This means that (11a) and (11b) could
be identical. For both high- and low-frequency dynamics, λ

should be large enough to ensure that the closed-loop response is
sufficiently close to the response of the nominal M+(s)F (s). A
larger λ provides greater tolerance to model uncertainty. How-
ever, in practical applications, system uncertainties are time-
varying, so conventional IMC may not guarantee robustness.
IMC has only one adjustable parameter, which makes tracking
performance and disturbance rejection performance cannot be
addressed separately. In the presence of time-varying distur-
bances, keeping the filter time constant of the IMC controller
unchanged may not ensure system robustness. Therefore, in the
following section, we shall show how the LDO can be used to
address the abovementioned problem.

III. PROPOSED IMC-LDO SCHEME

A. Control System Structure

Fig. 7 illustrates the block diagram of the IMC-LDO control
structure for the WPT system. The LDO is embedded in the
current control loop and is established based on the identified
model. The error between the measured current and the observed
current is considered as the feedback variable. The observer
gains are selected through observer pole placement to ensure that
the state of the system can be accurately estimated, which is the
premise for disturbance estimation and compensation. The LDO
can achieve the improved control performance by continuously
observing the disturbance on the system output and enabling
compensation in real time.

Based on the nominal model of the system described in (7),
the second-order differential equation model of the system can
be described as

ÿ(t) = b0u(t− τ)− a1ẏ(t)− a2y(t). (12)

When parameter variations are considered, the model can be
established as

ÿ(t) = (b0 +Δb0)u(t− τ)− (a1 +Δa1) ẏ(t)

− (a2 +Δa2) y(t) + ud (13)

where Δb0, Δa1, and Δa0 represent the uncertain or mis-
matched parts of the system parameters, and ud represents the
external disturbance such as measurement error or other fac-
tors. In this article, the total disturbance includes the parameter

Fig. 8. Block diagram of LDO.

uncertainty and the external disturbance, and is defined as

γ(t− τ) = Δb0u(t− τ)−Δa1ẏ(t)−Δa2y(t) + ud. (14)

Then, (13) can be reformulated as

ÿ(t) = b0u(t− τ)− a1ẏ(t)− a2y(t) + γ(t− τ). (15)

Selecting state variables as⎧⎪⎪⎪⎨⎪⎪⎪⎩
x1(t) = y(t)

x2(t) = ẏ(t)

x3(t) = γ(t)

h(t) = γ̇(t).

(16)

The linear model can be represented in state-space form as{
ẋ(t) = Ax(t) +Bu(t− τ) +Eh(t)

y(t) = Cx(t)
(17)

where

A =

⎡⎢⎣ 0 1 0

a2 a1 1

0 0 0

⎤⎥⎦ ,B =

⎡⎢⎣ 0

b0

0

⎤⎥⎦ ,E =

⎡⎢⎣00
1

⎤⎥⎦ ,C =

⎡⎢⎣10
0

⎤⎥⎦
T

.

When the nonlinear component f(·) of the system is fully
compensated for and the model parameters of the system are
accurately estimated, the LDO structure can be simplified as
the one shown in Fig. 8, which is the standard LDO structure.
According to this, we have{

ż(t) = Az(t) +Bu(t− τ) + L(y(t)− ŷ(t))

ŷ(t) = Cz(t)
(18)

where

L =
[
β1 β2 β3

]
, ẑ(t) =

[
z1(t) z2(t) z3(t)

]
(19)

are, respectively, the gain vector and the state variable of the
LDO. Equation (18) can be written in a more concise form as{

ż(t) = Pz(t) +Mu(t− τ)

ŷ(t) = Cz(t)
(20)
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where

P =

⎡⎢⎣ −β1 1 0

−β2 − a2 a1 1

−β3 0 0

⎤⎥⎦ ,M =

⎡⎢⎣ 0 β1

b0 β2

0 β3

⎤⎥⎦ ,C =

⎡⎢⎣10
0

⎤⎥⎦
T

.

To eliminate the disturbance γ(t− τ), as shown in Fig. 7,
the feedforward processing is performed. The input of the WPT
system u(t) can be represented as

u(t) = uIMC(t)− uL(t) (21)

where uIMC(t) represents the output of the IMC controller and
uL represents the disturbance compensation control variable,
which is computed as

uL = z3(t)/b0. (22)

By combining (15), (21), with (22), we can obtain

ÿ(t) = b0uIMC(t− τ)− a1ẏ(t)− a2y(t) + γ(t− τ)

− z3(t− τ). (23)

When z3(t) accurately tracks the disturbance γ(t), i.e., z3(t) ≈
γ(t), we can obtain

ÿ(t) = b0uIMC(t− τ)− a1ẏ(t)− a2y(t). (24)

From (24), it can be seen that the disturbance γ(t) is eliminated
by LDO. Although the IMC controller is derived from the
nominal model, the introduction of LDO will enhance the IMC
system’s ability to suppress disturbances.

B. Observer Parameter Design

Define the state estimation error as x̃(t) = x(t)− z(t), then

ẋ(t)− ż(t) = (A− LC) [x(t)− z(t)] +Eh. (25)

The characteristic polynomial of the abovementioned equation
is

|ρI− (A− LC)| = ρ3 + (a1 + β1) ρ
2

+ (β1a1 + β2 + a2) ρ+ β3 (26)

where ρ represents the eigenvalues of A− LC. To make the
estimation error x̃(t) close to zero, the matrix A− LC must be
Hurwitz [47], meaning its eigenvalues have negative real parts.
This can be achieved through a simple pole placement method
as follows:

(ρ+ ωo)
3 = ρ3 + (a1 + β1) ρ

2

+ (β1a1 + β2 + a2) ρ+ β3 (27)

where ωo represents the observer bandwidth, so the LDO pa-
rameters can be obtained as follows:⎧⎪⎨⎪⎩

β1 = 3ωo − a1

β2 = 3ω2
o − 3ωoa1 − a2 + a21

β3 = ω3
o .

(28)

Generally, a rule of thumb is to set ωo as 3–5 times the control
bandwidth [48].

TABLE I
MAIN WPT SYSTEM PARAMETERS

Remark 1: The time delay τ in the observer’s input has been
introduced, so the impact of input delay on estimation accuracy
can be neglected [40], [49]. The LDO in this article is designed
based on the standard model. Assuming that the total disturbance
is bounded, the state estimation error is also bounded, and there
exists a constant σi > 0 and a determined time T1 > 0, such that

|x̃i| ≤ σi, σi = O (1/ωn
o ) , i = 1, 2, 3 ∀t ≥ T1 (29)

for a positive integer n.
Remark 2: The results presented in (29) indicate that the

estimation error can be reduced to some extent. By increasing
the observation bandwidth ωo, the bound of the state estimation
error can be arbitrarily reduced. Moreover, the establishment of
LDO only requires the nominal model in (7) and the observer
bandwidth ωo, which makes the LDO easy to implement in real
applications.

IV. SIMULATION RESULTS

In this section, simulation is performed to validate the effec-
tiveness of the proposed method. The simulation is conducted in
MATLAB/Simulink, with main WPT system parameters listed
in Table I. In the simulation, either the mutual inductance or load
resistance can vary respect to time, and the IMC and IMC-LDO
controllers are designed to maintain the stability of the load
current. The reference load current is set as iref = 5 A. The IMC
parameter is set asλ = 8 × 10−4 rad/s, while the LDO parameter
is set as ωo = 1.142 × 104 rad/s. If the mutual inductance is
varying, the load remains its nominal value RL = 10Ω, while if
the load is varying, the mutual inductance is set asM = 36.4μH.

Fig. 9 compares the performance of IMC and IMC-LDO under
mutual inductance disturbance. It can be shown that the peak-
to-peak value of the load current is 0.4 A when IMC is applied,
while this value is reduced to 0.18 A when IMC-LDO is applied.
Fig. 10 compares the performance of IMC and IMC-LDO under
load disturbance. It can be shown that the peak-to-peak value of
the load current is 0.42 A when IMC is applied, while this value is
less than 0.02 A when IMC-LDO is applied. Both examples show
that the IMC-LDO method has a better disturbance rejection
performance.



ZHAO et al.: MODELING AND CONTROL OF WPT SYSTEMS IN THE PRESENCE OF LOAD AND MUTUAL INDUCTANCE VARIATIONS 15321

Fig. 9. Closed-loop responses of IMC and IMC-LDO under mutual inductance
variations.

Fig. 10. Closed-loop responses of IMC and IMC-LDO under load variations.

V. EXPERIMENTAL RESULTS

In this section, experimental results are provided to verify
the effectiveness of the proposed modeling and control method.
The experimental setup platform is shown in Fig. 11, and
the 32-b processor STM32H743 is used on the primary side
to realize the IMC-LDO control, the signal processing, and
the communication function. On the secondary side, the 32-b
processor STM32F407 is adopted to realize the sampling and
the data transmission functions. The RF device nRF2401 is
adopted for wireless communication. It has the advantages
of low-power consumption and high transmission rate. The
data communication format is that a single batch of 5 data is
combined into one packet and transmitted to the primary side.
The interval for sampling each data is 60μs. Through the data
transmission testing, the communication delay is measured to be
approximately 820μs. The cement load and electronic load are
connected in series to adjust the load resistance in the interval
[10 17] Ω. The resistance value of the cement load is 8 Ω.

Fig. 11. Experimental setup.

Fig. 12. Experimental data for model identification.

The programmable electronic load RIGOL-DL3021 with the
maximum power limit of 200 W is adopted to achieve load
variation. The other parameters of the WPT system are shown
in Table I.

A. Model Identification

Two sets of data are collected in the experiment, with each set
containing 13 200 input–output data points. The sample time
is 60μs. One set of data is used for model estimation and is
referred to as the identification data. Another set of data is used
for cross-validation to assess the accuracy of the estimated model
and is referred to as the validation data. The identification data
is generated by imposing a PRBS sequence overlaid with ± 4%
duty cycle on the static duty cycle d̄ = 0.74. The validation data
is generated using a random number in [0 1] as the input. The load
current of the system excited by the PRBS sequence is shown in
Fig. 12, where CH1 and CH2 denote, respectively, the inverter
output voltage uinv and inverter output current iinv, while CH3
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Fig. 13. Comparison of the measured output and estimated model output.

and CH4 denote, respectively, the system output voltage uo and
load current io. The steady-state output measurement of this
working point is iav = 7 A. Based on the identification data
{f(d(k)), io(k)}, the linear part of the Hammerstein model
Gp(s) is obtained (see also [32], [33]) as follows:

Gp(s) =
1.2431× 108

s2 + 3.8088× 103s+ 1.3546× 107
e−8.29×10−4s.

(30)

The fitting ratio is used to evaluate the accuracy of the iden-
tified model. In this example, by using the MATLAB command
compare, the fitting ratio between the estimated model and
identification data excited by the PRBS sequence is computed as
82.72%. A portion of the validation data and the corresponding
response of the Hammerstein model under same random input
are shown in Fig. 13. The fitting ratio of the Hammerstein model
is 85.71%. The high fitting ratio indicates that the Hammerstein
model can effectively describe the dynamic characteristics of the
system. The difference in fitting ratio between the two datasets
is mainly due to different signal-to-noise ratios (SNR). The
fitting ratio between the validation data and the estimated model
is higher because the SNR is relatively lower when there are
large variations in the random input d. Although random noise
can reduce the fitting ratio between the estimated model and
measured data, the obtained estimated model can still be used
for system controller design. The experimental results confirm
the effectiveness of the controller designed using the estimated
model.

B. Validation of IMC-LDO Scheme

To verify the performance of the proposed IMC-LDO con-
troller, set point response tests, load variation tests, and mutual
inductance variation tests have been carried out. In the set point
response, there are two set point changes, i.e., iref = 3 → 4 A
and iref = 4 → 5 A. We consider two types of load variations:
In the first type, the load varies in [10 17] Ω with a sinusoidal
manner, while the other parameters remain the same as in Table I.
In actual system operation, load variations may not be strictly
sinusoidal. But typical disturbances in systems often exhibit pe-
riodic and sustained changes. Therefore, the selected sinusoidal
load in this article is only used as a representative disturbance
signal to evaluate the performance of the controller against

Fig. 14. Closed-loop response of different control methods under reference
changes. (a) IMC-LDO. (b) IMC.

sustained disturbances. In the second type of load variations, the
load changes in a step manner from 13 Ω to 10 Ω. In the mutual
inductance variation, the change of the mutual inductance is
realized through the free-falling of the receiving coil on the
secondary side by 2 cm, and this yields a mutual inductance
change M = 36.4 → 24.4μH. For all tests, the control period
is 60μs.

The control performance of IMC-LDO for set point response
tests and continuous disturbance tests is shown in Figs. 14(a),
15(b), and 18(b), where λ = 8 × 10−4, ωo = 1.142 × 104 rad/s.
As a comparison, the results of IMC control are shown in Figs.
14(c), 15(c), and 18(c), where λ = 8 × 10−4. The results of PID
control are shown in Figs. 15(d) and 18(d). The static nonlinear
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Fig. 15. System response of different control methods under continuous load variations. (a) Open loop. (b) IMC-LDO. (c) IMC. (d) PID.

gain part of the PID controller in the experiment has been opti-
mized and compensated using look-up table methods. In the pa-
rameter design of PID, time delay is considered [28]. Figs. 15(a)
and 18(a) show, respectively, the load current under load
disturbance and mutual inductance disturbance, where the fixed
static duty cycle is set as d̄ = 0.47. The control performance
of IMC-LDO in response to abrupt load variations is presented
in Fig. 16. Fig. 16(a) shows the load current of the open-loop
system during the sudden load variation, where the fixed static
duty cycle is set as d̄ = 0.63. Fig. 16(b)–(d) illustrates the load
current waveforms of the IMC-LDO system under different gain
parameters β3, where λ = 8 × 10−4, ωo = 1.142× 104 rad/s.

Fig. 14 shows the transient output response with no load and
mutual inductance variations. The pulse width of the inverter
output voltage will increase with the increase of the load current
set point. Although the communication delay exists in closed-
loop control systems, both methods perform identically good,
with a settling time of only 5 ms. Because the IMC-LDO and the
IMC controller is designed based on the identified model, which
contains enough knowledge about the system dynamics, and that
the communication delay has been compensated correctly.

Fig. 15 shows the load current waveforms of different control
methods under continuous load changes. The real-time resis-
tance values are calculated by uo/io. In Fig. 15(a), for a fixed
duty cycle d̄ = 0.47, the fluctuation amplitude of the open-
loop load current is Δi = 1.8 A. After applying closed-loop
control, the maximum fluctuations in load current is reduced.
The results of IMC-LDO scheme achieve the best performance
[see Fig. 15(b)]. In contrast, the results of IMC are shown in
Fig. 15(c), and the peak-to-peak fluctuation of the load current
is Δi = 0.5 A, with a long recovery time. The results of PID
scheme are shown in Fig. 15(d), and the peak-to-peak fluctuation
of the load current isΔi = 0.6 A, also with a long recovery time.
This indicates that the IMC-LDO scheme has the best perfor-
mance in suppressing output disturbances originating from load
variations.

Fig. 16 shows the load current waveforms of different control
modes during the sudden load variation. In Fig. 16(a), the
fluctuation amplitude of the open-loop load current is Δi = 1.4
A. In Fig. 16(b)–(d), after applying IMC-LDO control, the load
current exhibits overshoot, initially increasing by approximately
1.3 A before settling back to the set value. In Fig. 16(d),
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Fig. 16. System response of different control modes under the sudden load variation. (a) Open loop. (b) IMC-LDO, β3 = 1.787× 1012. (c) IMC-LDO,
β3 = 7.447× 1011. (d) IMC-LDO, β3 = 4.468× 1010.

the scheme with β3 = 4.468× 1010 achieves the best perfor-
mance, with no oscillations during the adjustment process and a
recovery time of around 6 ms. Comparison of Fig. 16(b)–(d)
demonstrates that under sudden load variations, reducing β3 can
decrease output oscillations and optimize recovery time. As a
supplementary explanation, Fig. 17 shows the simulation results
of the IMC-LDO system’s response to sudden load changes
under two different time-delay conditions. In this scenario, the
load changes in a square wave pattern, switching between 13
Ω and 10 Ω. In Fig. 17, there are current disturbances with
the maximum amplitude of 1.5 A and the oscillation in the
output current. As the time delay decreases, both the recovery
time and oscillations decrease. This indicates that reducing the
delay time can also improve the control performance of the
closed-loop system under sudden load variations. Based on
the experimental and simulation results, it is evident that in
the presence of sudden load variations, the closed-loop system
output will always exhibit some unavoidable disturbances. This
phenomenon is mainly caused by the following reasons: When
the load changes abruptly, the quasi-constant voltage output
characteristic of the LCC-S WPT system will lead to a corre-
sponding sudden change in the current at the load end. Due
to the response delay inherent in the WPT system, the output
cannot change promptly even when the PS angle is adjusted
rapidly. This will lead to output disturbances in the closed-loop

Fig. 17. Closed-loop responses of different time delay under sudden load
changes.

control system during sudden load variations. By appropriately
designing the parameters of the WPT system and reducing the
dynamic response time of the open-loop system, the impact
of the sudden disturbance can be mitigated in the closed-loop
system.
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Fig. 18. System response of different control methods under mutual inductance variations. (a) Open loop (b) IMC-LDO. (c) IMC. (d) PID.

Fig. 18 shows the load current waveforms of different control
methods under mutual inductance changes. In Fig. 18(a), for a
fixed duty cycle d̄ = 0.47, the open-loop load current decreases
and the amplitude of the change is 1.4 A. After applying closed-
loop control, the amplitude of the decrease in load current is
reduced and the load current has finally recovered to the set
value. The results of IMC-LDO scheme achieve the best perfor-
mance [see Fig. 18(b)]. In contrast, the results of IMC scheme are
shown in Fig. 18(c), where the peak-to-peak fluctuation of the
load current isΔi = 0.2 A, and the recovery time is about 80 ms.
Under the PID scheme shown in Fig. 18(d), the peak-to-peak
fluctuation of the load current is Δi = 0.3 A, and the recovery
time is 80 ms. This indicates that the IMC-LDO scheme has
the best performance in suppressing output disturbances under
mutual inductance variations.

Moreover, the power transmission efficiency is measured
through a power analyzer (HIOKI PW6001). The steady-state
values of input power and output power are shown in Fig. 19.
Udc1, Idc1, and Pdc1 represent, respectively, input voltage, input
current, and input power on the dc power supply input side.
Udc2, Idc2, and Pdc2 represent, respectively, output voltage,
output current, and output power on the rectifier side of the WPT
system. Fig. 19(a)–(c) shows the test results under different set
currents Iref , while Fig. 19(d) shows the experimental results
under load changes when Iref = 5 A. Throughout the entire
testing process, the trend of output power variation is Pout =

Fig. 19. Input and output of system under different set current and load. (a)
Iref = 3 A and RL = 10 Ω. (b) Iref = 4 A and RL = 10 Ω. (c) Iref = 5 A
and RL = 10 Ω. (d) Iref = 5 A and RL = 15 Ω.

91.759 → 163.549 → 254.024 → 379.310 W and the range of
power transfer efficiency η variation is 84.8% → 91.7%. As the
output power of the system increases, the system efficiency also
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TABLE II
COMPARISON WITH DIFFERENT CONTROL SCHEMES FOR WIRELESS CHARGING SYSTEM

increases accordingly. In this article, the stability of the closed-
loop output is ensured through PS control. Experimental results
mainly demonstrate the effectiveness of this control scheme
under parameter disturbances. The proposed IMC-LDO scheme
primarily focuses on adjusting the dynamic characteristics of
the system, namely the response speed and output stability
in closed-loop systems. Therefore, the implementation of soft
switching and efficiency matching has not been considered dur-
ing the PS control process. The nonsoft switching may result in
reduced system efficiency. However, this issue can be addressed.
In current research, strategies, such as dead-time compensation,
passive auxiliary circuits, low-power auxiliary transformers, and
auxiliary inductors, are used to extend the zero voltage switch
(ZVS) range for PS control [50], [51], [52], [53], [54], thereby
improving system efficiency. By designing reasonable resonance
network parameters, the efficiency of the system can also be
maintained at a high level.

C. System Comparison and Discussion

In Table II, some existing control methods have been com-
pared to demonstrate the superiority of our method. The
secondary-side control method, which does not require wireless
communication, is primarily highlighted in the comparison. The
research on indirect control methods for the primary side mainly
focuses on the accuracy of parameter identification and identifi-
cation time, without paying attention to the dynamic adjustment
time of the system. The complex identification algorithms and
unknown system parameters may lead to identification chal-
lenges. Therefore, indirect control methods for the primary side
are not compared. It should be aware that we do not intend to
make a fair comparison amongst these methods, because the data
listed in the table are directly copied from the cited literature,
rather than from a benchmark system. In Table II, tVref and
tIref represent the settling time, respectively, after changing the
reference set values Iref and Vref . tM and tRL represent the

recovery time, respectively, under changes in mutual inductance
M and load RL. Currently, secondary-side control methods
mainly involve adding additional dc–dc converters to suppress
output fluctuations. In [16], when the system’s output power
is high, the system efficiency is close to that of the proposed
method in this article. In [17], the settling time is long, and
the system’s output power and efficiency are relatively low.
In [18], the control performance is poor under mutual inductance
disturbance where recovery time is 1000 ms. When the system’s
output power is high, the system efficiency is close to that of
the proposed method in this article. In [20], output voltage
fluctuations can be effectively suppressed under conditions of
varying mutual inductance. The settling time and recovery time
are relatively long. The efficiency of the system is very low.
In [28], the Hammerstein model was proposed to accurately
describe the system’s dynamic behavior based on primary-side
control, which included nonlinear, linear, and time-delay link.
A PI controller was designed based on this model. However, the
designed controller does not account for time-varying parameter
perturbations. The settling time and recovery time are relatively
long.

Compared to the existing methods, our proposed IMC-LDO
strategy is effective in achieving constant output current regu-
lation and high transmission efficiency in WPT systems. Under
continuous load and mutual inductance disturbances, the out-
put current has almost no fluctuations and the settling time is
short. The advantages of the method proposed in this article are
summarized as follows.

1) With the primary-side PS control strategy, the need for
additional dc–dc converters is eliminated, leading to in-
creased system efficiency and reduced topological com-
plexity of the WPT system.

2) Feedback on the output current is provided, and the time
delay is thoroughly considered and compensated for, en-
abling accurate and fast regulation of constant output
current.
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3) The simplified model established includes the nonlinearity
and dynamic characteristics of the wireless link. The IMC-
LDO controller designed based on this model can achieve
fast tracking performance and quickly ensure the stability
of the output.

4) These disturbances caused by load, mutual inductance
variations, noise, etc., are effectively estimated and com-
pensated by LDO to achieve constant output regulation.

VI. CONCLUSION

In WPT systems, disturbances are a common phenomenon
due to load and mutual inductance variations. In the applica-
tion of conventional IMC in WPT systems, robustness may
not be guaranteed if disturbances occur during operation. In
this article, we have adopted the LDO to estimate the distur-
bances resulting from load and mutual inductance variations,
and then designed a feedforward loop to eliminate these dis-
turbances. This leads to the IMC-LDO control strategy that
achieves simultaneously good reference tracking performance
and disturbance rejection performance. In addition, we have also
presented a Hammerstein-model-based identification method
that is necessary for IMC-LDO parameter design, as well as
a pole placement algorithm for LDO gain selection. The sim-
ulation and experimental results have verified the good dis-
turbance rejection performance of IMC-LDO in LCC-S WPT
system under continuous changes in load and mutual inductance
parameters.
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