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Abstract—This article presents a novel approach that combines
Kalman filtering and model predictive control (MPC) algorithms
to achieve stable output in a multioutput wireless power transfer
(WPT) system for automated guided vehicles (AGVs). Traditional
WPT systems often struggle to maintain stable output under vary-
ing load conditions and environmental disturbances, impacting the
efficiency and reliability of AGV operations. To address this issue,
we introduce a Kalman filter for real-time state estimation, coupled
with an MPC algorithm for system prediction and control, thereby
enhancing the system’s robustness and dynamic response perfor-
mance. Simulation and experimental results validate the superior
performance of the proposed method under various operating con-
ditions, demonstrating significant anti-interference capability and
stable output characteristics. The results indicate that this method
can markedly improve the stability and reliability of the AGV
WPT system, providing strong technical support for its practical
application.

Index Terms—Automated guided vehicle (AGV), Kalman filter,
model predictive control, multioutput, robustness, wireless power
transfer.

I. INTRODUCTION

AUTONOMOUS guided vehicles (AGVs) have revolution-
ized the logistics industry by enabling efficient and cost-

effective material handling. As the demand for AGVs grows, so
does the need for reliable and efficient power supply systems to
support their operation. Wireless power transfer (WPT) technol-
ogy offers a promising solution to address this challenge [1], [2],
[3]. Wireless charging for AGV can be broadly categorized into
two main types: dynamic WPT (DWPT) to facilitate charging
while the vehicle is in motion and static WPT for stationary
charging when the vehicle is parked [4], [5], [6].

When the AGV is parked, due to the parking position of the
AGV, there will inevitably be a shift in position. The position of
the wireless power transmitter and receiver coils will shift later-
ally, resulting in a change in the coupling relationship, the mutual
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inductance coefficient between the coils and the equivalent load
of the system will change, leading to an unhealthy working
condition of the system for a long time and the output power
cannot be stabilized within the rated range [7], [8]. Effective
measures are therefore required to enable the system to respond
quickly and robustly to these conditions.

In response to the above problems, extensive research has
been carried out at home and abroad in terms of system param-
eter optimization [9], resonant topology improvement [10], and
multiple receiver coil power supply rail synergy [11] to improve
the stability of wireless charging power.

In [9], by improving the topology of the resonant circuit,
the method can maintain the relative stability of the system
output power within a certain range, however, it cannot solve the
problem of power fluctuation in the case of coil misalignment. In
[9], [10], and [11], the problem of output power fluctuation due
to coil offset is effectively reduced by the synergy of multiple
receiving coils and supply rails, however, the design requires
However, the design requires additional control strategies for
vehicle position detection and guideway switching, which in-
creases the cost and complexity of the overall system, and there
is a cross-coupling problem to be solved when multiple coils are
received and interleaved. On the other hand, in terms of related
control strategy research, the use of controllers to regulate the
system output power is constantly being proposed, which does
not impose too many constraints on the system design, requires
less hardware cost and is more adaptable [12].

In the literature [13], the basic characteristics are analyses
for LCL-T-based wireless energy transmission systems and the
corresponding small-signal model is established; a PI digital
controller is used to make the output current regulation time
shorter when the vehicle enters the charging area. However,
the method only considers one-sided resonance compensation,
which has problems such as poor antidrift performance and easy
drift of electrical parameters at the receiver side. Hu et al. [14]
used an SS-type compensation structure with a primary-side
inverter circuit and a bilateral dc–dc regulator circuit as control
objects and maximizes transmission efficiency by controlling
the switching frequencies of these three objects. However, this
method suffers from problems such as multiple control objects
and difficulty in implementing the control algorithm. Using the
robustness advantage of the μ controller, Xia et al. [15] used
a closed-loop control strategy to monitor the output voltage
in real-time and control the buck circuit on the supply side,
providing a targeted solution to the problem of transmission
power fluctuations caused by coil lateral offset. However, the
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method has a long response time and requires real-time bidi-
rectional communication, which makes it difficult to meet the
requirements of fast response. In [16], a generalized state-space
model was developed, and its dynamic response characteristics
were analyzed based on the LCL-S resonant topology DWPT
system, and a PI controller was used to regulate the output
voltage; however, this method is cumbersome and complex to
model the whole system. In [17], the amplitude and phase of
the primary coil current were measured to derive the mutual
inductance coefficient and the secondary load resistance, and
an model predictive control (MPC) model was used to achieve
constant output power control at the energy supply side, but
this method only uses transfer functions to describe the system
input–output relationship, which involves many parameters and
does not describe the system dynamic characteristics well, and
the controller performance is easily affected by parameter drift.

In the literature [18], a MPC method is proposed to achieve
fast regulation of the load voltage of the dynamic WPT. A
multistep predictive MPC control strategy is designed by means
of sensor-to-sample time delays, which ultimately achieves 2 kW
wireless energy transfer and is experimentally validated. How-
ever, the method requires real-time acquisition of Buck circuit
inductor currents and capacitor voltages, storage and calculation
of target data over a number of past acquisition cycles, making
the control algorithm computationally intensive and the hard-
ware implementation cost and space occupation high.

Based on the aforementioned surveys, this article presents
a novel approach that combines Kalman filtering and MPC
algorithms to achieve stable output in a multioutput WPT system
for automated guided vehicles (AGVs). This proposed system
proposes a multioutput model to regulate the output power after
AGV misalignment, and the characteristics of this proposed
method are as follows.

1) Proposed Load Current Control Strategy: We introduce
a load current control strategy that combines MPC with
Kalman filtering to achieve precise control of the load
current under unilateral conditions. Leveraging the ro-
bustness of MPC, this strategy ensures stable output in
a multioutput WPT system, enhancing system reliability
and performance.

2) Innovative Application of Kalman Filtering in WPT Sys-
tems: The WPT system employs a Kalman filtering al-
gorithm, enabling the estimation of the inductor current
and capacitor voltage in a Buck circuit using only the
load current measurement. This approach reduces the need
for multiple sensors, simplifying the system design and
reducing costs.

3) System Modeling and Analysis through Quadratic Eigen-
value Problem: The system is rigorously modeled and
analyzed using the quadratic eigenvalue problem frame-
work. This methodology facilitates the attainment of a
fast-response constant current output, significantly im-
proving the dynamic performance of the WPT system.

The rest of this article is organized as follows. The WPT
system circuit analysis in Section II, the MPC algorithmic mod-
eling in Sections III, IV, and V are simulation and experimental

verification, respectively. Finally, Sections VI concludes this
article.

II. CIRCUIT ANALYSIS

In magnetically coupled resonant WPT systems, the optimiza-
tion of coil impedance can be achieved through the application
of a resonant compensation topology. This approach aims to
enhance the energy efficiency of the system. The LCC-S type of
compensation network achieves a constant voltage output on the
secondary side under the conditions of constant input voltage
on the primary side and unchanged coil mutual inductance.
Moreover, due to its straightforward secondary-side structure,
it has found extensive applications in the field of dynamic WPT
for electric vehicles [17].

In Fig. 1, the transfer of electrical energy to the secondary
side is facilitated through a transmitter coil utilizing an LCC-S
type resonant topology, which is then converted to dc through
rectification and filtering processes. As different types and states
of loads have different power requirements, a voltage conversion
via a dc–dc converter is required. Given that a Buck circuit
has a higher power control range than a Boost circuit under
the same hardware conditions [17], a Buck circuit is used in
this article. there is one transmitter and two receivers, each
loosely coupled to the transmitting coil through mutual inductors
Mps1 and Mps2, respectively. Lp is the self-inductances of the
transmitting coil, Ls1 and Ls2 are the self-inductances of the
receiver coils. Cp, Cs1, and Cs2 are the resonant capacitors
used to compensateLp,Ls1, andLs2 correspondingly. The input
voltage and input current are denoted as Up and Ip, respectively,
while the current received at each terminal is denoted as Is1 and
Is2. The output voltage of the inverter isU1 and the output current
is I1. In the Buck circuit, the currents through the inductor are
IB1 and IB2 and the voltages across the capacitor are UB1

and UB2, respectively. The currents on the loads are IL1 and
IL2 , respectively.

RL1eq and RL2eq are the input equivalent loads of the rectifier
and can be derived from the following equations:

RL1eq =
8

π2
RL1, RL2eq =

8

π2
RL2 (1)

where RL1eq and RL2eq denote the load resistances at each
receiving Terminal.

The full resonance condition of the system is

ω2 =
1

L1C1
=

1

LsCs
=

1

(Lp − L1)Cp
. (2)

The output voltage UFi and the load received power Pout of
the LCC-S topology can be expressed as

UFi ≈ ω2L1UinRLieqMpsi

ω2L2
1RLieq

=
UinMpsi

L1
(i = 1 or 2) (3)

Pout = Pout1 + Pout2 =
U2
F1

RL1eq
+

U2
F2

RL2eq

≈ U2
ino

L2
1RL1eq

+
U2
ino

L2
2RL2eq

(4)



YE AND CHENG: DESIGN AND VALIDATION OF A MULTIOUTPUT WIRELESS POWER TRANSFER SYSTEM USING MPC CONTROLLER 16067

Fig. 1. Block diagram depicting the WPT system employing MPC control.

where ω is the operating angular frequency of the system and
Uino is the inverter output voltage

Uino = 2
√
2
Uin

π
. (5)

As can be seen from (3), the input voltage UF1 of the Buck
circuit is positively related to the mutual inductance Mps1 or
Mps2. Fluctuations in the mutual inductance and the load will
cause changes in the output voltage and power of the system.
Therefore, to keep the charging current constant or to adjust the
output power at the right time during vehicle driving and parking
misalignment, it is necessary to control the load current IL1 or
IL2 in a timely and effective manner to realize the control.

III. MPC ALGORITHMIC MODELING

A. Modeling of Buck Circuits

To implement MPC in the entire control system, before pro-
ceeding, it is essential to develop a mathematical model of the
object under control. According to the constant voltage output
characteristics of the LCC-S resonant topology circuit demon-
strated in session 2, the input voltage UF of the Buck circuit can
be treated as a constant voltage source at each sampling instant
of the secondary side, making modeling more convenient. Since
the system under discontinuous conduction mode (DCM) is
more prone to problems such as sub-stability and instability, the
mode is set in continuous conduction mode (CCM), where the
switching transistor only operates in two states, namely ON and
OFF, as illustrated in Fig. 2. Where IB andUB denote the current
passing through the inductor and the voltage across the capacitor
in the Buck circuit, respectively, while the switch transition time
is ignored in the modeling process.

By modeling analysis using the equivalent circuit diagram de-
scribed above, voltage across the capacitor and current through
the inductor in the Buck circuit are selected as the system
state variables, i.e., X = [UB , IB ]

T . The following equations,

Fig. 2. This is a sample of a figure caption. (a) Switch ON state. (b) switch
OFF state.

obtained using Kirchhoff’s current and voltage laws, apply when
the switch is ON and OFF, respectively.

Switch is ON {
CB

dUB

dt = IB − UB

RL

LB
dIB
dt = UF − UB .

(6)

Switch is OFF {
CB

dUB

dt = IB − UB

RL

LB
dIB
dt = −UB .

(7)

Here,UF denotes the input voltage of the Buck circuit,LB de-
notes the inductance,CB signifies the capacitance, IB represents
the voltage across the inductor, and UB represents the voltage
across the capacitor.

The equation of continuous state can be obtained as
Switch is ON

X ′ =

[− 1
RLCB

1
CB

− 1
LB

0

] [
UB

IB

]
+

[
0
1

LB

]
UF = A1X +B1UF .

(8)
Switch is OFF

X ′ =

[− 1
RLCB

1
CB

− 1
LB

0

] [
UB

IB

]
= A1X. (9)

Discretizing (8) and (9) gives

X (h+ 1) = A2X (h) +B2UF . (10)
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Fig. 3. Sketch of MPC controller.

Here, A2 = I +A1dT +A1(1− d)T = I +A1T , B2 =
B1dT , I is the unit matrix; d denotes the duty cycle of the
switching tube, and its value range is 0∼1. T is the switching
tube drive signal period.

Based on the properties of the topology of the LCC-S circuit in
the previous section, the output can be considered as a constant
voltage sourceUF and taking the duty cycle d as the model input
u(h) and the load current IL as the model output y, the discrete
model of the Buck circuit is{

X (h+ 1) = AdX (h) +Bdu (h)
y (h) = CdX (h)

(11)

where Ad = (I +A1T ), Bd = B1TUF , Cd =
[

1
RL

, 0
]
.

B. Model Predictive Controller Building

For analysis purposes, the circuit shown in Fig. 1 is simplified
by adopting the configuration shown in Fig. 3.

Using the principles of the MPC algorithm, the augmentation
matrix (12) and (13) have been formulated for the state space
model (11) of the buck circuit[

X (h+ 1)
y (h+ 1)

]
=

[
Ad OT

n

CdAd 1

] [
X (h)
y (h)

]
+

[
Bd

CdBd

]
u (h)

= Ae

[
X (h)
y (h)

]
+Beu (h) (12)

y (h) = [On 1]

[
ΔX (h)
y (h)

]
= Ce

[
ΔX (h)
y (h)

]
. (13)

Here, Ae =
[

Ad OT
n

CdAd 1

]
, Be =

[
Bd

CdBd

]
, Ce = [On 1],

On is the zero vector.
The purpose of building the augmentation matrix is to weaken

the dynamic estimation error due to model parameter drift and
to make the controller more focused on the state change trend
and the target physical quantity, thus enhancing robustness to
changes in mutual inductance coefficients and load values. Using
the augmentation matrix, the state of the model over the next Nk

sampling moments can be expressed in terms of the prediction

equation as

Y h = F h

[
X (h)
y (h)

]
+ ΓeUh (14)

whereNk is the prediction horizon andNc is the control horizon

Y h =

⎡
⎢⎢⎣

y (h|h)
y (h+ 1|h)

. . .
x (h+Nk|h)

⎤
⎥⎥⎦
(nNc)×1

(15)

where Y h is a (nNc)× 1 vector containing all the state vari-
ables in the prediction interval predicted at moment h. n is the
dimension of the state matrix A1, here n is 2.

Uh =

⎡
⎢⎢⎣

u (h|h)
u (h+ 1|h)

. . .
u (h+Nk − 1|h)

⎤
⎥⎥⎦
(pNk)×1

(16)

where Uh is a (pNk)× 1 vector representing the sequence of
control quantities (inputs) computed at the moment h. p is the
dimension of the input matrix

F h =

⎡
⎢⎢⎣

CeAe

CeAe
2

. . .

CeAe
Nk

⎤
⎥⎥⎦ (17)

Γe =⎡
⎢⎢⎢⎢⎢⎣

CeBe 0 . . . 0
CeAeBe CeBe . . . 0
CeAe

2Be CeAeBe . . . 0
...

...
...

...
CeAe

Nk−1Be CeAe
Nk−2Be . . . CeAe

Nk−NcBe

⎤
⎥⎥⎥⎥⎥⎦ .

(18)

The setting of the prediction horizons and control horizons can
significantly impact the performance, stability, and robustness of
an MPC system. Increasing the prediction horizon step size Nk

generally increases the stability and robustness of the control
system but reduces the dynamic response speed. In contrast,
decreasing Nk can enhance the dynamic response speed, but at
the cost of reduced stability and robustness. To achieve a faster
response while maintaining stability, it is usually advisable to
set a large Nk while keeping the control horizon length Nc less
than or equal to Nk.

Build cost functionsJ based on tracking accuracy and control
requirements

J = (Rs − Y h)
T Q̂ (Rs − Y h) +UT

h R̂Uh (19)

where Rs is the reference matrix for the output.
According to (15), (16), (17), (18), and (19), the cost func-

tion can be simplified into a quadratic programming problem,
resulting in the following ultimate form of the cost function:

J = UT
hE +UT

hHUh (20)
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Fig. 4. Sketch of Kalman controller.

where E = 2ΓeQ̂F h[X(h)−Rr(h)], H = ΓT
e Q̂Γe + R̂,

andRr(h) = [0, . . . , 0, ref(h)]T is a matrix of the same dimen-
sion as X(h), and ref(h) is the target reference value at time h.
Q̂ and R̂ are the weight matrices, obtained by multiplying the
weight constants qw and rw by the unit matrix I, respectively. qw
and rw together determine whether the solution process of the
cost function is more concerned with the accuracy of control or
the magnitude of the change in the control signal; increasing qw
increases the dynamic response speed and decreases the stability
of the system, and vice versa; rw has the opposite effect on the
system as rw, i.e., increasing rw increases the stability of the
system but slows down the dynamic response.

By solving the quadratic programming problem, the optimal
duty cycle control signal, denoted as Uh at the current moment,
is ultimately acquired [19]

Uh = −2ΓeQ̂F h [X (h)−Rr (h)][
ΓT
e Q̂Γe + R̂

] . (21)

This process is carried out once per sampling cycle to enable
rolling optimization to cope with the effects of various parameter
drifts and external disturbances.

C. Kalman Filtered State Estimator

The model predictive controller introduced in the previous
section requires three real-time measurements to be obtained
at each control cycle, namely the capacitance-voltage UB , the
inductance current IB , and the load current IL, and using direct
measurements would add additional hardware cost and space
[20]. Equation (10) shows that the two state variables [UB , IB ]

T

and the load current IL can be correlated by this discrete model,
so that the two state variables can be optimally estimated using
a state estimation algorithm under the condition that only the
load current IL is measured.

For analysis purposes, the circuit shown in Fig. 1 is simplified
by adopting the configuration shown in Fig. 4.

According to (11) and the principle of Kalman filtering al-
gorithm, the state prediction X(h+ 1|h) and its covariance
prediction P (h+ 1|h) at time h can be obtained as

X (h+ 1|h) = AdX (h|h) +Bdd (h) (22)

TABLE I
SIMULATION SETUP PARAMETER

P (h+ 1|h) = AdP (h|h)AT
d +Qw (23)

where Qw is the system process noise covariance and d(h) is
the control signal from the controller.

Combining the system output measurements with the above
state predictions, the optimal state estimate at time h+ 1 can be
obtained as

X (h+ 1|h+ 1)

= X (h+ 1|h) +K (h+ 1) [y (h+ 1)−CdX(h+ 1|h)]
(24)

where K(h+ 1) is the Kalman gain weight matrix

K (h+ 1) =
P (h+ 1|h)CT

d[
CdP (h+ 1|h)CT

d +Rv

] (25)

where Rv is the system measurement noise covariance.
This gives the state estimate at the current moment, and in

order to be able to estimate the state again at the next moment,
the covariance of the updated estimate X(h+ 1|h+ 1) is

P (h+ 1|h+ 1) = [I −K (h+ 1)Cd]P (h+ 1|h) . (26)

The process is summarized as follows: the control signal
d(h) and the current measurement y(h+ 1) at the current mo-
ment are fed into the Kalman filter and, after calculation by (22)
to (26), the optimal estimate of the state variable at the current
moment is obtained, which is then applied to the state estimation
process at the next moment, and so on.

IV. SIMULATION VERIFICATION

To verify the efficacy of MPC in the output WPT system, we
constructed a simulation model in the Simulink environment
based on the circuit depicted in Fig. 1. When the circuit is
in DCM, it affects the load transient response, increases the
inductor ripple and output ripple, reduces the energy transfer
efficiency, and the switching and conduction losses are usually
higher. In order to obtain better overall performance and simpler
control, the parameters of the circuit are designed, as shown in
Table I, so that the system operates in CCM.

The prediction time domain step Np and the control sequence
dimensionNc directly affect the overall performance of the MPC
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Fig. 5. Real and estimated. (a) Inductor currents. (b) Capacitance voltage.

controller, while the weight coefficients rw and qw influence the
control accuracy of the MPC. Additionally, the system processes
noise covariance Qw and measurement noise covariance Rv

determine the accuracy of the Kalman filter state estimation.
The parameter values given in Table I are the optimum

results after several trials. The MPC is compared with one
PI controller with different parameters, PI controller with P
= 3.5e-5 and I = 2e-6. The PI control parameters are ob-
tained by iteratively adjusting them according to the preset
response waveform using the proportion integration differen-
tiation (PID) tuner module of MATLAB/Simulink. The discrete
sampling period of the simulation model and the output signal
period of the controller are both 1e-5s. In the simulation, the
output reference current, the mutual inductance value of the
coil, and the load value are periodically varied. This varia-
tion is employed to replicate real-world scenarios, simulat-
ing conditions where the coil experiences offsets in practical
applications.

A. Validation of Kalman Filter for Buck Circuits

The simulation of the system commences by validating the
efficiency of the Kalman filter.

Fig. 5(a) and (b) shows the comparison between the estimated
and actual values of the state variables [UB , IB ]

T of the Buck
circuit obtained by the Kalman filter. The Kalman filter estimates
of the variation of the capacitive voltage UB and the inductive
current IB align well with the actual results, regardless of
whether the system is in a steady state or step response process.

Fig. 6. Simulation results of MPC and PI controllers with suddenly changed
reference current.

B. Comparison of WPT System Between MPC and PI
Controller

First, set the initial reference value of the load current IL to
1 A, and introduce a step change at 0.01 s and 0.02 s. Fig. 6
illustrates the responses of both the MPC controller and the
PI controller to the step reference signal. From the graph, it
can be observed that, after 0.01 s and 0.02 s, both controllers
can accurately track the changes in the reference signal within
a short time frame. However, it is noteworthy that, under the
PI controller, the system exhibits more pronounced oscillations
during tracking, indicating a significantly higher overshoot com-
pared to the MPC controller. Furthermore, the stabilization time
of the PI controller is also longer. In contrast, the MPC controller
demonstrates a shorter stabilization time.

When the reference current changes from 1 A to 1.5 A, the
overshoot of the MPC controller is only 0.08 A, and the reference
tracking is completed within only 0.7 ms. When the reference
current recovers to 1 A at 0.02 s, the MPC controller can reach
a steady state within about 1.1 ms without obvious overshoot.
In contrast, the PI controller has a slower response speed and a
longer settling time of about 4.8 ms, when the reference current is
from 1 A to 1.5 A, and up to 5.0 ms when the reference current is
from 1.5 A to 1 A, and there is a potential risk of system device
safety due to excessive overshoot. Therefore, compared to PI
control, MPC control has a clear advantage in tracking speed
and aligns better with the WPT system’s requirements for rapid
response.

In practical dynamic WPT charging systems, besides good
wining techniques and coil design [18], coil misalignment is
an inevitable phenomenon, which leads to fluctuations in the
mutual inductance coefficient between coils. To ensure a prompt
response, the controller must proficiently manage the dynamic
disturbances in the mutual inductance coefficients within the
WPT system.

Fig. 7 illustrates the responses of both the MPC controller
and the PI controller to a jump in mutual inductance. When the
mutual inductance changes from 8 μH to 5 μH at 0.01 s, the
input voltage amplitude drops from 40 V to 27.8 V, and when
the mutual inductance returns to 8 μH at 0.02 s, the input voltage
also returns to 40 V. From Fig. 7, the mutual inductance changes



YE AND CHENG: DESIGN AND VALIDATION OF A MULTIOUTPUT WIRELESS POWER TRANSFER SYSTEM USING MPC CONTROLLER 16071

Fig. 7. Simulation results of MPC and PI controllers with suddenly changed
mutual inductance.

Fig. 8. Simulation results of MPC and PI controllers with suddenly changed
load resistance.

at 0.01 s, and it takes 4.8 ms for the PI control to stabilize
the load current; when the mutual inductance recovers from
5 μH the previous 8 μH at 0.02 s, the load current exhibits
significant fluctuations under the influence of the PI controller,
with occasional current peaks. However, upon closer inspection
in the local magnified view, it can be observed that the load
current exhibits minimal fluctuations under the MPC controller’s
influence, allowing for stable maintenance of the system’s load
current.

In addition, the stability of the system is significantly affected
by dynamic changes in the load values. The following section
presents the outcomes of testing various controllers for handling
the dynamic load value perturbations.

Fig. 8 illustrates the responses of both the MPC controller and
the PI controller during a load jump. The simulation sets the load
resistance value to jump from 20 Ω to 10 Ω at 0.01 s, and then
return to 20 Ω at 0.02 s. From the figure, it can be seen that at
0.01 s and 0.02 s load switching, the regulation time of the MPC
controller is 1.1 ms and 1.0 ms, respectively, while the regulation
times for the PI controller are 4.0 ms and 4.9 ms, respectively. As
a result, MPC control has a significant advantage over PI control
in terms of response time when the load resistance changes.

Considering all these findings collectively, it can be concluded
that the MPC demonstrates resilience in the face of dynamic
variations in mutual inductance and load. Consequently, the

Fig. 9. Proposed structure with y-misalignments.

Fig. 10. Variation of the mutual inductance curve of a receiving coil misaligned
with a transmitting coil.

MPC approach is highly compatible with the robustness criteria
of WPT systems.

C. Testing of Multioutput WPT Systems

In multioutput WPT systems, energy allocation and dynamic
tuning are two key issues. Due to the limited energy of the
transmitters and the possible interference between receivers, an
effective energy allocation strategy is needed to ensure fairness
and efficiency. At the same time, the system needs to have the
prediction capability to dynamically adjust the energy allocation
as the receiver energy demand changes so that the whole receiv-
ing system receives a stable amount of energy. The proposed
structure with y-misalignment is shown in Fig. 9. The coil
centers of receiver 1 and receiver 2 are located at −25 cm and
25 cm on the y-axis, respectively.

To enhance the fairness and efficiency of energy distribution,
it is essential to consider the impact of nonalignment between
coils. Fig. 10 shows the mutual inductance between the three
coils for the misalignment case. As the receiver deviates along
the y-axis within the range of [−75, 75] cm, Mps1 (Mps2) in-
creases as the receiver moves closer to the receiver 1 (receiver 2)
coil, whileMs1s2 is always very small, with a maximum value of
0.02 μH. Consequently, the cross-coupling between the receiver
1 and receiver 2 coils due to coil misalignment is negligible.

WPT of AGVs equipped with this system is susceptible to coil
misalignment. For the purpose of this analysis, we assume that
the misalignment occurs along the y-axis. Experimental testing
of the current at receiver 1 (receiver 2) for various transmission
distances, as depicted in Fig. 11, reveals the impact of the air
gap on the stabilization of the received current. As shown, when
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Fig. 11. Receiver coil current reference at various air gaps.

Fig. 12. WPT power profile for various air gaps.

the air gap is 5 cm, the current can be stabilized at 1 A within a
distance of 25 cm from the center point’s diameter; similarly, for
an air gap of 10 cm, the current can be stabilized at 1 A within a
distance of 20 cm. Notably, the effective transmission distance
decreases with increasing air gap. When the air gap reaches
15 cm, the current does not reach 1 A. In summary, the proposed
system, enabled by the MPC control system, enables the receiver
to achieve a stabilized output over an effective transmission
distance.

Fig. 12 shows the output power characteristics of our WPT
system under different air gap distances and coil misalignment
conditions. The results indicate that when the air gap is 5 cm, the
system can achieve a maximum stable output power of 113.4 W
within a lateral displacement range of ±30 cm. As the air gap
distance increases, the maximum stable output power decreases.
The variation in air gap distance affects the magnetic coupling
strength and impedance matching between the transmit coil
and the receive coil. An optimal air gap distance is crucial for
maximizing energy transfer efficiency. However, excessive or

Fig. 13. Experimental bench for the proposed prototype.

TABLE II
COIL PARAMETERS

insufficient air gaps will reduce the coupling coefficient, limiting
the power transmission capability.

Simulation results validate the high-efficiency output capa-
bilities of our WPT system under coil misalignment conditions,
while also emphasizing the importance of optimizing air gap
distance for achieving high-efficiency energy transmission. To
realize a more efficient dynamic wireless energy transfer system,
further research is needed to investigate the effects of air gap
distance, coil size, and structure on system output characteristics,
providing guidance for achieving higher efficiency.

V. EXPERIMENTAL VERIFICATION AND ANALYSIS

To verify the effectiveness of the proposed method, we imple-
mented a WPT system based on MPC control. Fig. 13 shows the
test rig of the WPT system based on MPC control. The system
consists of a dc power supply, a full-bridge inverter, coils, a res-
onance compensation network, a Buck circuit, and an electronic
load. The proposed algorithm is implemented on a digital signal
processor (DSP, TMS32028335). The Buck circuit uses the
Model CRD8FF1217P-1 board, which uses high-performance
SiC MOSFETs and SiC Schottky diodes to enable a fast-control
Buck circuit. The switching frequency of the Buck circuit is
20 kHz, while the inverter operates at a switching frequency of
85 kHz.

A. Receiver Coil Position Design

The coil parameters of the system are shown in Table II,
and the experimentally designed WPT system includes one
transmitting coil and two receiving coils. Since the system is
a multioutput system, in order to make the mutual inductance
change of the transmitter coil and the receiver coil stable and
smooth in the case of coil misalignment, and at the same time to
ensure that the value of the mutual inductance is relatively large,
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Fig. 14. Variation of mutual inductance at different distances from the receiv-
ing coil.

the experiment verifies the mutual inductance change of the two
receiver coils at different distances (the distance Dl between
the centres of the two receiver coils). The experimental results
are shown in Fig. 14. When the two-receiver coil separation
distance is less than 50 cm, the mutual inductance value is
larger. However, when the coupling coils are misaligned, the
mutual inductance variation is larger. On the other hand, when
the two-receiver coil distance is larger than 50 cm, the mutual
inductance value decreases, and the mutual inductance variation
is larger. Hence comprehensive consideration of this article is
to set the distance of two receiver coils for the best when the
distance is 50 cm.

B. Comparison and Analysis of MPC and PI Controller

The fast response and stability of the system can be optimized
by adjusting the parameters of the PI before the experiment.
Fig. 15(a) and (b) compares the performance of the MPC con-
troller and the PI controller in terms of reference value tracking.
The waveforms displayed from top to bottom are the inverter
output voltage, inverter output current, load current, and Buck
circuit input voltage. Upon observing the graphs, it is evident
that both MPC and PI controllers achieve accurate tracking of the
reference value without overshooting, and their control errors are
kept below 0.01 A. Although the two controllers perform simi-
larly in terms of control accuracy, it is worth noting that the MPC
controller has a significant advantage in terms of regulation time.
When the reference value increased from 1 A to 1.5 A, the PI
controller took 100 ms to complete the tracking. Upon restoring
the reference value to 1 A, the PI controller required 101 ms
to adjust. It is important to note that all evaluations presented
here are objective and based solely on the data provided. In
contrast, the MPC controller’s average adjustment time for the
same jumps was only about 14 ms, significantly less than that
of the PI controller.

Thus, it can be inferred that the MPC controller demonstrates
a faster response speed than the PI controller in the currently
designed WPT system.

To verify the effect of different controllers when the mu-
tual inductance mutates, experimental waveforms are shown in
Fig. 16(a) and (b). The mutual inductance when the coils are fully
aligned is approximately 9.78 μH. The experiment will move

Fig. 15. Experimental results with suddenly changed reference current.
(a) MPC controller. (b) PI controller.

the coil at the receiving end and misalign the mutual inductance
coil to achieve the change in mutual inductance. The mutual
inductance changes from 9.78 μH to 6.32 μH and then recovers
to 9.78 μH.

Based on the experimental results, the input voltage of the
Buck circuit reaches approximately 36.5 V when the induction
coil is fully aligned. As the receiving end coil moves to a fixed
position, the input voltage decreases to 24 V. Once the coil is
restored to its initial position, the voltage quickly returns to 36 V.
It is important to note that both the MPC and PI controllers
perform equally well in terms of steady-state control accuracy.
Additionally, they are both able to maintain stable control of the
load current when the coil is moved. The PI controller has an
average regulation time of approximately 116 ms. In contrast,
the MPC controller maintains a stable load current throughout
the process, demonstrating its robustness to mutual inductance
changes. This finding is consistent with the simulation results
presented in Fig. 7, which further confirms the superior per-
formance of the MPC controller in handling mutual inductance
variations.

Furthermore, the system’s response was verified by abruptly
changing the load resistance and connecting an electronic load.
The load was varied from 20 Ω to 15 Ω and then restored
to 25 Ω. The experimental results are shown in Fig. 17(a)
and (b). It is evident that the MPC controller regulates the load
current significantly faster than the PI controller when the load
changes. The average adjustment time of the PI controller is
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Fig. 16. Experimental results of MPC and PI controllers with suddenly
changed mutual inductance. (a) MPC controller. (b) PI controller.

approximately 110 ms, whereas that of the MPC controller is
only 10 ms. In comparison to the PI controller, the adjustment
time is significantly reduced for the MPC controller.

C. Verification of Coil Misalignment WPT
Figs. 18–20 show the coil misalignment processes at the re-

ceiver side of a multioutput WPT system under different control
strategies. It is then examining the transmitting coil to be aligned
with the receiving coil 1 and the receiving coil 2, respectively,
for a period of time from 0 to 1 s.

When the transmitting coil is aligned with the receiving coil
1 or coil 2, The waveforms under PI control exhibit increasing
fluctuations, indicating system instability. This occurs because
the system must adjust to the reference value for each coupling
coefficient, which changes rapidly. The PI algorithm’s regulation
speed is insufficiently fast, leading to high-speed fluctuations.
In an open-loop state, the output current converges slowly. In
the system with the MPC algorithm, the output current rapidly
stabilizes to the reference value as the transmitter coil is dis-
placed from between the receiver coil 1 and the receiver coil
2. Furthermore, the MPC exhibits a high degree of tracking
performance.

The experimental results demonstrate that the system with the
MPC algorithm exhibits a short smoothing time and fast dynamic
response, indicating that the MPC algorithm is well-suited to the
WPT system.

Fig. 17. Experimental results of MPC and PI controllers with suddenly
changed load resistance. (a) MPC controller. (b) PI controller.

Fig. 18. Output current at receiver 1.

Fig. 19. Output current at receiver 2.

D. System Transmission Efficiency and Analysis

To determine the impact of various controllers on system
transfer efficiency, this study tested output power using output
power from 40 W to 120 W. The system transfer efficiency
was then measured with no controller, MPC controller, and PI
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Fig. 20. Total current of the system output.

Fig. 21. Power transfer efficiency of the system.

controller. The results are presented in Fig. 21. As can be seen
from the Fig. 21.

1) When the output power is less than 90 W, under the action
of no controller, MPC controller and PI controller, when
the output power is the same, the different control has a
greater impact on the system. Under the MPC controller,
the system has better transmission efficiency and the effi-
ciency can reach up to 86.2%.

2) When the output power is greater than 90 W, in the absence
of controller, MPC controller and PI controller, when
the output power is the same, the system transmission
efficiency is basically the same, indicating that the in-
troduction of the controller does not bring a significant
impact on the system transmission efficiency, but the MPC
controller under the system transmission efficiency has
been about 86%.

Analysis of the causes as follows.
1) This system’s LCC-S topology is implemented on a pri-

mary side winding, exhibiting a constant current charac-
teristic and thereby generating a stable loss allocation.
As the output power increases, this allocation remains
unchanged. However, when the system’s output power
continues to rise, its efficiency exhibits a slight decline.
This is attributed to the fact that the current drawn by the
system increases with increasing output power, leading to
an increase in coil losses and other losses.

2) Under the control of the MPC system, the fast response
of the system makes the output voltage of the buck circuit
increase, and the efficiency also increases.

When the output power of the system continues to increase,
the system efficiency decreases slightly. This is because the
current of the system increases with the increase of the output
power, which results in an increase in coil loss and other losses.
The efficiency of the whole system is

η =
Pout

Pout + Pcoil + Pcon + Psw + Pinv
× 100%. (27)

The effective output power of the system isPout, the coil power
loss at the two receivers is Pcoil, the conduction power loss of
the MOSFETS is Pcon, the switching power loss of the MOSFETS

is Psw, and the power loss of the passive rectifier is Pinv when
the H-bridge inverter is in operation.

The measured power loss distribution is shown in Fig. 22 in
three sections, rectifier, inverter and coupler section. According
to the experimental power loss distribution, the power loss
proportion of the coupler increases obviously, which is mainly
generated by the coil loss. Specifically, when the output of the
system is 120 W, the measured power loss distribution is shown
in Fig. 22(b), where the measured results are obtained by making
the difference between the measured input and output power of
each unit of the system.

E. Comparative Analysis of the Proposed Method With
Existing Control Strategies.

To further illustrate the advantages of the Kalman filter-MPC
fusion method proposed in this article, we conduct a comprehen-
sive comparison with existing approaches in the literature from
multiple perspectives: resonant compensation topology, power
control circuitry, bidirectional communication requirements on
both primary and secondary sides, model dependency, test con-
ditions for evaluating control effectiveness, and the number of
parameters required for measurement. The results are summa-
rized in Table III, which provides a detailed assessment of the
complexity of the system modeling method employed and the
level of model accuracy demanded by the control strategy. Zhou
et al. [17] derived the load resistance and mutual inductance
coefficients based on the system model to estimate the system
output power, which requires high accuracy of the model. Chan
et al. [20] used the finite control set (FCS)-MPC technique to
control the output dc voltage and implements both maximum
efficiency point tracking (MEPT) and bilateral soft switching,
but the modeling process is complex.

This article adopts the LCC-S topology, the primary side
has the coil constant current characteristics, the secondary side
has the constant output voltage characteristics and the structure
is simple, which is more suitable for the application of AGV
charging. Adopting the secondary side Buck circuit to regulate
the output power without communication between the primary
and secondary sides of the system and reducing the number of
required sensors by introducing the Kalman filter to estimate
the inductor current and capacitor voltage of the Buck circuit
online, which is helpful to saving the hardware cost and enhanc-
ing the system reliability. By adopting the incremental MPC
control algorithm, the controller can better track the trend of the
system state, thereby the incremental MPC control algorithm
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Fig. 22. Power loss distribution. (a) Power loss distribution versus the output power. (b) Power losses at the output power of 120 W.

TABLE III
COMPARISON OF THE PROPOSED METHOD WITH OTHER METHODS

allows the controller to focus on the trend of the system state,
thus enhancing the robustness to changes in mutual inductance
and load.

VI. CONCLUSION

To meet the requirements of fast response and high robustness
of wireless power systems for AGVs under coil misalignment,
this article proposes a load current control strategy based on
the LCC-S compensation topology, combining Kalman filtering
and MPC. A state-space model of the secondary side buck circuit
is established, and a predictive controller is designed based on
this model. By incorporating the Kalman filtering algorithm,
stable control of the load current under single-parameter mea-
surement conditions is achieved. A simulation model system is
constructed to compare the proposed MPC controller with the
traditional PI controller. The results indicate that, under similar
transient conditions, the MPC controller exhibits significantly
faster response speed than the PI controller and has strong
robustness to mutual inductance and load variations. Meanwhile,
the system efficiency under the MPC controller can reach 86%.
Compared to other existing techniques, the proposed method
does not require communication between the primary and sec-
ondary sides and has a lower dependence on the system model.
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