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Abstract: This paper proposes an energy shaping controller of a DC/DC converter for automatic
guided vehicles (AGVs) wireless power transfer (WPT). A transformer is inserted after the LCC
topology to improve the transfer power, and the DC/DC boost converter is added before this topology
to obtain desired systematic power dynamically. The system power transfer model is derived based
on the idea of voltage transformation and the desired power can be implemented indirectly through
regulating desired output voltage of DC/DC converter. With the proposed controller, this WPT
system will have a much better dynamic performance and the effective working time can be increased
significantly. Furthermore, this paper proposes dynamical regulation strategy for output power to get
real time target power according to the charging curve of the battery. Simulation and experimental
results verified the control performance of the proposed control scheme. A WPT prototype with
power up to 1.65 kW was built, and 92.12% efficiency from DC power source to battery load is
achieved, which is 4% higher than that obtained by the conventional PID method.

Keywords: wireless power transfer (WPT); automatic guided vehicles (AGVs); DC/DC converter;
energy shaping control

1. Introduction

With the advantages of strong adaptability, high flexibility and automatic cruise, automatic guided
vehicles (AGVs), also referred to as mobile robots with guidance lane, have been widely applied in
automated and intelligent logistics industry [1]. Nowadays, AGVs have played an important role
in logistics and transportation, automatic processing, mechanical assembly and other related fields.
However, the battery needs to be recharged and energized cycle by cycle, resulting in low utilization
rate and high use cost [2]. At present, traditional charging systems require plug-in operation and
there are some potential security issues. In order to realize automatic charging and solve the safety
problems, it has great economic value to adopt new charging method to increase the effective working
time of AGVs [3,4].

In recent years, wireless power transfer (WPT) has drawn more and more attention [2,5,6].
With the characteristics of flexible charging position and freedom to plug the charger, WPT is
regarded as a practical charging technical solution. It is a trend to apply WPT to energize AGVs [7–9].
Making use of the parking gap, continuous operation can be implemented by intermittent charging [10].
AGVs pick energy from the primary coil over the air without parking and stopping for manual charging.
Therefore, the effective working time and utilization rate can be increased fundamentally [11,12].
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In the wireless charging system, the compensation circuit is composed of a loosely coupled
transformer and certain external passive inductors or capacitors. The largest transfer power can
be obtained when the system works at resonance frequency [13,14]. Figure 1 shows four basic
resonant compensation circuits, which are divided from the different series and parallel combinations:
series–series (SS), series–parallel (SP), parallel–series (PS) and parallel–parallel (PP). In order to
obtain a higher design degree, more compensation elements are added to achieve higher order
compensation circuit. With the characteristics of load-independent current source and high efficiency,
the double-sided LCC resonant compensation network is outstanding among these compensation
circuits [15–17]. By adjusting the parameters of the secondary LCC compensation circuit, zero voltage
switch (ZVS) can be realized in the inverter, which can not only improve the reliability of the system,
but also reduces the system loss greatly [15,16,18].

(a) (b)

(c) (d)

Figure 1. Four basic compensation circuits. (a) series–series (SS). (b) series–parallel (SP). (c) parallel–series
(PS). (d) parallel–parallel (PP).

The magnetic coil is another significant concern in WPT [19,20]. As the most common and
simplest structure, circular coupling coil is widely used by many researchers as the magnetic coupling
coil for energy transmitter [20,21]. Generally, the magnetic cores laid under the coil are adopted
to concentrate magnetic, and then aluminum plate is fixed as the outer layer to reduce the leakage
magnetic flux. As an ideal single-sided magnetic coil, the ferrite core on one side of the coil forms
the most magnetic flux, resulting in a flexible and convenient installation position. Therefore, the loss
on the aluminum plate caused by magnetic leakage is very small. However, the maximum coupling
height of circular coil is only about a quarter of the coil diameter, which is not beneficial to practical
application. In order to solve this problem, double-D (DD) coil composed of two rectangular coils is
introduced in [22]. The maximum coupling height is proportional to half of the coil length, then a
higher coupling coefficient can be obtained with a smaller size coil [23,24].

Although the WPT technology has been widely applied in electric vehicles, the wireless charging
of AGVs in the warehouse still need to be further studied. In [2,10,17,25], WPT systems for AGVs
on receiver side control are proposed. A buck converter cascaded on the receiver side [25], which is
adjusted by a PI regulator to maintain constant current output [2,17]. Making use of the DC/DC
converter to maintain the equivalent load resistance, [10] proposes a new move and charge system
for AGVs. In order to save space on AGVs side, a PI controlled phase shift full bridge inverter on
the primary side is presented in [11]. However, considering safety, the working voltage of AGVs is
usually 12 V, 24 V, or 48 V. The charging power is proportional to both side voltage of the compensation
network [16], kWs level charging power seems not easy to be achieved. In this paper, a transformer
and a boost converter are cascaded to front and back of the LCC topology, respectively, to improve the
transfer power. The control method for AGVs system is another significant aspect. Numerous control
methods have been proposed for the DC/DC converter. Compared with the other nonlinear control
methods, energy shaping control via interconnection and damping assignment passivity-based control
(IDA-PBC) has been regarded as the most effective practical nonlinear controller due to its simplicity,
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efficiency and ease of implementation. The global stability of PBC for the DC/DC converter has been
proved [26]. Taking the parasitic resistors into consideration, a output feedback PBC is proposed to
achieve desired output voltage [27]. However, the controller is not easy to be implemented. For a SS
compensated WPT system, a sliding mode control scheme is designed to track the maximum energy
efficiency [28].

This paper aims to verify the energy shaping controller for the primary sided DC/DC converter of
the WPT system in AGVs. By using port-controlled Hamiltonian system (PCHS) and IDA-PBC [28,29],
the proposed controller ensures the stability and fast response of the system to achieve target
output power dynamically. This goal can be implemented indirectly by regulating the voltage of the
DC/DC converter. The power transfer model can be derived from the idea of voltage transformation.
Moreover, since the working state of the battery and target power changes dynamically during the
charging process, it is not an easy task to design a controller to satisfy needed systematic power in
real-time. In order to regulate the transfer power based on demanded power, a dynamical regulation
strategy for charging power is also presented to work with energy shaping controller. Simulation and
experimental results show that this proposed controller has a better dynamic performance compared
with PID algorithm in [17]. A WPT prototype output power of 1.65 kW for AGVs was built, and 92.12%
efficiency from DC power source to battery load was achieved.

This paper is organized as follows. In Section 2, the structure and topology of the wireless
charging system for AGVs are analyzed, and the system power transfer model of this system is
derived. Section 3 proposes the energy shaping controller with dynamical regulation of output power.
The simulation and experimental results are shown in Section 4, and some conclusions are given in
Section 5.

2. Modelling Wireless Charging System

Figure 2 shows the structure of wireless charging system for AGVs, which is composed of AGV
side and power transfer side. The AGV side consists of secondary compensation circuit, AC/DC
rectifier, WIFI communication module and the receiver coil installed on the bottom of AGV. The power
transfer side is composed of primary compensation circuit, DC/AC inverter, AC/DC converter,
DC/DC converter, DSP controller and certain transmitter coils pre-placed at the temporary stops on
the guided lane. The DSP controller includes WIFI communication module. The whole system starts
to work when the AGV arrives and stops at this parking points, then AGVs can be energized cycle and
cycle during the parking gap. The gap is generally as short as 1 to 1.2 s.

DC
AC

DC
AC

DC/DCDC
AC

AC Grid DSP Controller

Power 
Electronics

AGV Side
Battery

Compensation

Tx

Rx

Compensation

Power Transfer Side

WIFI

WIFI

Figure 2. The structure of wireless charging system for automatic guided vehicles (AGVs).

As shown in Figure 3, L1 and L2 are the transmitter coil and the receiver coil, respectively. L f 1, C f 1
and C1 are the primary resonant inductor, capacitor and compensation capacitor, respectively. L f 2, C f 2
and C2 are the secondary resonant inductor, capacitor and compensation capacitor, respectively. ω and
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f denote the operating angular frequency and operating frequency, respectively. The relation can
be represented as ω=2π f . T represents the transformer, and the ratio is n : 1 : 1, where n = 4.
This transformer together with two diodes D1 and D2 forms the full wave rectifier circuit, i.e.,
the AC/DC rectifier. M denotes the mutual inductor between the two coils. vAB is the input voltage of
the compensation circuit, and vab is the input voltage of the full wave rectifier circuit.
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Figure 3. Structure of the wireless charing system for AGV.

In order to form a resonant topology, the parameters of compensation circuit are designed as
follows [15]: 

ωL1 − (ωC1)
−1 − (ωC f 1)

−1 = 0
ωL f 1 − (ωC f 1)

−1 = 0
ωL2 − (ωC2)

−1 − (ωC f 2)
−1 = 0

ωL f 2 − (ωC f 2)
−1 = 0

(1)

In this resonance double-sided LCC topology, inductor series with capacitor between the primary
side and the secondary side can be regarded as a low-pass filter. Then a concise characteristic of the
proposed compensation topology can be given by analyzing the first-order harmonics of the square
voltage waveform at the switching frequency. As for the high-order harmonics, the interaction through
the primary side and secondary side can be neglected. The first-order component of input and output
voltage between the two sides of this topology determines the transfer power of this topology.

Therefore, when the system works in the resonant operating condition [15,16], the transfer power
of the double-sided LCC circuit can be expressed by

P =
M

ωL f 1L f 2
VABVab (2)

where Vab denotes the first-order rms value of the output voltage before the rectifier, and VAB represents
the first order rms value of input voltage, i.e., the output voltage of the DC/AC inverter. The desired
transfer power can be implemented by regulating VAB and Vab. In this paper, a transformer after
the LCC topology is designed to improve the transfer power through increasing Vab by n times.
The DC/DC boost converter is inserted before LCC topology to regulate VAB for the desired systematic
power dynamically.

Figure 4 shows the voltage transformation process of the primary side. The DC/DC block denotes
the DC/DC boost converter and the DC/AC block denotes the full bridge inverter. Vdc represents the
input voltage of this boost converter and the Vd represents the output voltage of the boost converter,
i.e., the input voltage of the full bridge inverter.
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DC/DC DC/AC ABvdcV dV

Figure 4. Voltage transformation process of the primary side.

For the DC/DC boost converter, according to the voltage-second balance principle, we have

Vdcd + (Vdc −Vd)(1− d) = 0 (3)

where d denotes the duty ratio of the boost converter. Therefore, the voltage ratio is given by

Vd
Vdc

=
1

1− d
(4)

The output voltage of the DC/AC inverter is a square wave, and the density of the positive and
negative pulses in pulse width modulation (PWM) is denoted by δ. To realize the ZVS of the DC/AC
converter [30], we let δ = 1. Then the vAB(t) can be expressed as follows:

vAB(t) =

{
−Vd,− T

2 ≤ t < 0
Vd, 0 ≤ t ≤ T

2
(5)

According to Fourier series [31], any periodic function can be expressed by the infinite order of
sine and cosine function, which is written as follows

f (t) =
a0

2
+

∞

∑
n=1

[am cos(mωt) + bm sin(mωt)] (6)

where am = 2
T
∫ t0+T

t0
f (t) cos(mωt)dt and bm = 2

T
∫ t0+T

t0
f (t) sin(mωt)dt. a0 denotes the amplitude of

f (t) and the period is T.
Combining (5) and (6), am and bm satisfies

am = 2
T
∫ 0
− T

2
(−Vd) cos(mωt)dt + 2

T
∫ T

2
0 Vd cos(mωt)dt = 0

bm = 2
T
∫ 0
− T

2
(−Vd) sin(mωt)dt + 2

T
∫ T

2
0 Vd sin(mωt)dt = 2Vd

mωT [2− 2 cos(mπ)]

where

bm =

{
4Vd
mπ , m = 1, 3, 5 · · ·
0, m = 0, 2, 4 · · ·

Therefore, vAB(t) can be written in the form of Fourier series as

vAB(t) =
4

mπ
Vd

∞

∑
m=1,3,5···

sin(mωt) (7)

Then, we get the first-order value of the output voltage of the DC/AC inverter

vAB_1st(t) =
4
π

Vd sin(ωt) (8)

The rms value of vAB_1st(t) can be obtained

VAB =
vAB_1st(t)√

2
=

2
√

2
π

Vd (9)
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Similarly to the AGV side, the voltage relationship is shown in Figure 5, where vab(t) and Vout

represent the input voltage of the AC/DC rectifier and the voltage of the battery, respectively. vab(t) is
a passive voltage generated by the working mode of D1 and D2. Its amplitude is determined by Vout.
Then vab(t) can be described as

vab(t) =

{
−nVout,− T

2 ≤ t < 0
nVout, 0 ≤ t ≤ T

2
(10)

AC/DCabv Vout

Figure 5. Voltage transformation process of the AGV side.

Similar to the primary side, the relationship between the voltage of the battery and Vab can be derived

Vab =
vab_1st√

2
vab_1st =

2
√

2
π

nVout (11)

Therefore, by using (2), (4), (9) and (11), the system transfer power has the form

P =
8n
π2

MVout

ωL f 1L f 2
Vd =

8n
π2

MVout

ωL f 1L f 2

Vdc
1− d

(12)

Refer to (12), it indicates that the real-time systematic transfer power can be achieved by adjusting
the duty ratio d, which can be implemented indirectly through regulating the input voltage of
double-sided LCC topology, i.e., the output voltage of the DC/DC boost converter.

3. Energy Shaping Control with Dynamical Regulation of Charging Power

The topology of the DC/DC Boost converter is shown in Figure 6. To avoid the high peak current
and lower power density which exist in discontinuous conduction mode (DCM), the converter is
designed to work in the continuous conduction mode (CCM). Then the average model is given by{

diL
dt = Vdc

L −
(1−d)

L vd
dvd
dt = − vd

CR + (1−d)
C iL

(13)

where L and C denote the inductor and the output capacitor, respectively. R denotes the load of this
converter. iL and vd represent the inductor current and the voltage on capacitor, respectively, and Vdc
denotes the input voltage.

L

Vdc S C

Db

L
oa
d

dv

Li

Figure 6. The topology of the DC/DC boost converter.
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3.1. Energy Shaping via IDA-PBC

The DC/DC Boost converter model (13) takes the port-controlled hamiltonian (PCH) form [27]{
ẋ = [J(x)− R(x)] · ∂H(x)

∂x + ζ + g(x)u
y = gT(x) ∂H(x)

∂x

(14)

where x ∈ Rn represents the state vector; J(x), R(x) denote the interconnection and dissipation
matrices, where J(x) = −J(x)T and R(x) = R(x)T. H(x) is the total stored energy function and g(x)
denotes the input matrices. ζ represents the outside force. u and y are the control input and the output
function, respectively.

In the view of energy, the energy function of the PCH system can be obtained

H(x) =
1
2

xTQx (15)

where x = (x1, x2)
T = (L · iL, C · vd)

T, the variables x1 and x2 represent the inductor magnetic flow
and the charge in the capacitor, respectively. Q = diag{1/L, 1/C} respects the topology parameters.
Therefore, by using (13) and (14), we can obtain

J(x) =

(
0 −1
1 0

)
, R(x) =

(
0 0
0 1/R

)
,

ζ = (Vdc, 0)T, g(x) =
(

x2/C,−x1/L
)T

.

In this paper, assuming that x∗ is an desired fixed point of x, the desired energy function of
system (14) can be derived as follows

Hd(x) =
1
2

xT
e Qxe (16)

where xe := x− x∗.
Assume there are matrices Jd(x) = −Jd(x)T, Rd(x) = −Rd(x)T ≥ 0, Hd(x) is such that

x∗ = arg min Hd(x) (17)

Then, with help of energy shaping, the closed-loop system (14) takes the PCH form

ẋ = [Jd(x)− Rd(x)]
∂Hd(x)

∂x
(18)

with a stable fixed point x∗. The largest invariant set can be described as{
x ∈ Rn|

∂HT
d (x)
∂x

Rd
∂Hd(x)

∂x
= 0

}
(19)

the largest invariant set only contains {x∗}. Refer to (16), the energy function Hd(x) ≥ 0. The time
derivative of Hd(x) with respect to x is derived as follows

Ḣd(x) =
∂HT

d (x)
∂x

[Jd(x)− Rd(x)]
∂Hd(x)

∂x
= −

∂HT
d (x)
∂x

Rd(x)
∂Hd(x)

∂x
≤ 0 (20)

therefore, Hd(x) can be a candidate Lyapunov function. According to the La Salle’s principle and the
conclusion (19), considering that x∗ is a stable fixed point, the closed-loop system is asymptotically
stable. Combining (14) with (18), we get
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[Jd(x)− Rd(x)] ∂Hd(x)
∂x = [J(x)− R(x)] ∂H(x)

∂x + ζ + g(x)u (21)

Assuming that Hd(x) = H(x)+ Ha(x), Jd(x) = J(x)+ Ja(x), Rd(x) = R(x)+Ra(x), where Ha(x),
Ja(x) and Ra(x) denote the interconnection, dissipation matrices and energy function injected into the
system through control. u = d denotes the duty ratio of the boost converter. Assuming that Jd(x) = 0,

Rd(x) = diag(r1, 1/r2), and K(x) = ∂Ha(x)/∂x = ∂Hd(x)/∂x− ∂H(x)/∂x =
(
−x∗1/L −x∗2/C

)T
,

(21) can be calculated as follows { x∗1
L r1 = r1

L x1 +
d−1

C x2 + Vdc
x∗2
C

1
r2

= 1−d
L x1 +

1
r2C x2 − 1

RC x2
(22)

where r1 > 0 and r2 > 0 are the injected impedances. They are be able to shape the energy of the
dynamic system. Substituting x1, x2 in (22), the duty ratio can be derived

d =
vd −Vdc + r1(I∗d − iL)

vd
(23)

where I∗L is the desired points of iL.
Assuming that the loss in the DC/DC converter is neglected, the relationship between the

steady-state value of output voltage and inductor current can be obtained by principle of conservation
for energy. When the system reaches a stable state, we get

I∗L =
V∗2d
VdcR

(24)

where V∗d represents the desired points of vd. Therefore, by using (23) and (24), the duty ratio can
be expressed as

d =
v−Vdc + r1(V∗2d /VdcR− iL)

vd
(25)

Remark 1. From the description of energy shaping control (25), the duty ratio is obtained according to the
sampling current and voltage. The time complexity of this controller is O(1), and it can provide a real-time
application to solve the practical engineering problem.

3.2. Dynamic Regulation of Charging Power

During the charging process, systematic needed power changes in different charging status.
In order to meet the requirement of the demanded power, a dynamic regulation strategy for charging
power is also presented to operate with energy shaping controller. The rated output voltage of the
vehicle battery is 21.2∼28.2 V, and the capacity is 40 Ah. For convenience of indicating the charge
current, 1 C is defined as the charging current which is equal to the capacity of the battery in numerical
terms, i.e., the charging current is 1 C when the charging current is 40 A. In order to realize a fast
charging speed, the rated maximum charging current is set at 1.7 C, i.e., the maximum charging current
is 68 A.

Referring to the charging current depicted in Figure 7, the charging process can be divided
into four stages: precharge, constant current charge (CCC), constant voltage charge (CVC) and end
charging. According to the voltage of the battery, the charging process switches dynamically among
these four stages. V1 is set to 18 V and V2 is set to 25.2 V. Therefore, by detecting the voltage of the
battery, the required charging current can be obtained from the charging curve of the battery. The
wireless charging system for AGVs mainly works in two stages: CCC and CVC. When this system
works in CCC stage, the demand power will increase with the increasing battery voltage and the
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charging current is 1.7 C. If the voltage of the battery is greater than V2, this system will switch to work
on CVC stage, and the demand current and power will decrease with the increasing battery voltage.

Charging Curve

C
ur

re
nt

 (
A

)

CCC CVC

0.1C

1.7C

End Charging

V1         V2
Voltage of the Battery (V)

Precharge 

Figure 7. Charging curve of the battery.

According to (12), a desired transfer power can be obtained by regulating the desired output
voltage of DC/DC converter dynamically. When the AGV arrives at the temporary stops, the charging
information, such as state of charge (SOC) and voltage of the battery, can be sent to the digital signal
processor (DSP) controller using the WIFI communication modules. According to the voltage of the
battery, the real-time demand charging current I∗out can be obtained through Figure 7. Then we get the
required output power P∗ = I∗outVout dynamically. The corresponding desired output voltage V∗d can
be obtained by using (12). The control block diagram of wireless charging system is shown in Figure 8.

bD

IGBT

P
W
M

C

IGBT Driver 
Board

IDA-PBC
(25)

d

1r

L

Li
Entire Power Transfer 

Model (12)

Demanded power 
(Fig.7and P*) 

Voltage and SOC of 
the Battery

IDA-PBC

Battery

L
oa

d

Power Optimization

dv

*
dV

Li

dcV

Figure 8. The control block diagram of wireless charging system for AGV.

4. Simulation and Experiment

In this section, the control performance of this proposed controller for the WPT system has been
tested in PLECS. The real hardware experimental setups are implemented to further validate this
proposed controller and dynamical regulation strategy for charging power. The parameters of the
WPT system are shown in Table 1.

4.1. Simulation Results

In order to validate the dynamic performance of the proposed IDA-PBC, tests have been done in
PLECS. The tests include two process, i.e., step-up process and step-down process. The step-up process
represents that the desired output voltage of the DC/DC boost converter changes from 550 V to 650 V,



Energies 2020, 13, 2959 10 of 17

where the 550 V is initial stable state and the 650 V is the final stable state. Similarly, the step-down
process represents that the desired output voltage of the DC/DC boost is set from 600 V to 450 V.
In order to further verify the proposed method, a fair comparison test has been done using PID
algorithm in [17]. The parameters are designed using Discrete PID Controller of Matlab.

Table 1. Parameters of the Wireless Charging System.

Parameter Value Unit

Primary resonant inductor L f 1 47.10 µH
Secondary resonant inductor L f 2 46.81 µH
primary resonant capacitor C f 1 74.44 nF
Secondary resonant capacitor C f 2 74.90 nF
Primary compensation capacitor C1 97.93 nF
Secondary compensation capacitor C2 101.74 nF
Primary coil L1 82.90 µH
Secondary coil L2 81.27 µH
Mutual inductor M 26.28 µH
Resonant frequency f 85 kHz
Nominal gap of two coils h 50 mm
Voltage of the battery Vout 21.2∼28.2 V
Switching frequency of the DC/DC converter fs 20 kHz
Capacitor of the DC/DC converter C 400 µF
Inductor of the DC/DC converter L 2500 µH
Input voltage Vdc 310 V

The simulation results of the step-down process are shown in Figure 9. When it comes to PID
algorithm, the transient time of this process is 48.3 ms. Also we can see that the minimum voltage of
this process is 446 V and the percentage overshoot is 0.89%. Compared with PID algorithm, when using
IDA-PBC method, the transient time is 23.6 ms. Also it is clear that the minimum voltage of this
process is 449 V and the percentage overshoot is 0.22%.

0.18 0.2 0.22 0.24 0.26
Time (S)

400

450

500

550

600

650

IDA+PBC
PID

0.23 0.24 0.25 0.26

446

448

450

452

454

456

V
ol

ta
ge

 o
f 

O
ut

pu
t C

ap
ac

it
or

(V
)

Figure 9. Simulation results of dynamic performance in step-down process test.

The simulation results of step-up process are shown in Figure 10. In the performance of PID
algorithm, the transient time of this process is 30 ms. We can know that the maximum voltage of
this process is 664 V and the percentage overshoot is 2.15%. When it comes to IDA-PBC algorithm,
the transient time is 11 ms. The maximum voltage of this process is 652 V and the percentage overshoot
is 0.31%. The simulation results are shown in Table 2.

A charging process includes a step-down process and a step-up process. According to the
simulation results, the saved total transient time is 43.7 ms during a charging process using the energy
shaping control method. Assuming that the parking gap is 1 s and the charging power is constant
during a charging process, then more energy about 4.37% can be transferred using this proposed
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charging method. In conclusion, a large transient time can be saved and super much more energy can
be transferred.

0.18 0.2 0.22 0.24 0.26
Time (S)

450
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550
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IDA+PBC
PID

0.21 0.22 0.23 0.24
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V

ol
ta

ge
 o

f 
O

ut
pu

t C
ap

ac
it

or
(V

)

Figure 10. Simulation results of dynamic performance in step-down process test.

Table 2. Comparison of Simulation Results.

Charging Process Specifications PID IDA-PBC

Step-down Transient time 48.3 ms 23.6 ms
Percentage overshoot 0.89% 0.22%

Step-up Transient time 30 ms 11 ms
Percentage overshoot 2.15% 0.31%

The simulation results shows that a better dynamic performance can be achieved and the transient
time is half of that of PID algorithm. During the charging process, the charging state and demand
current change dynamically. As shown in Figure 8, the demanded charging power can be implemented
by regulating the output voltage of boost converter in real-time.

In order to verify the dynamic regulation of charging power, a dynamic regulation test has been
done and the results are shown in Figure 11. In this test, the voltage of the battery changes dynamically.
The initial voltage is 26 V, and it changes to 24 V at 0.3 s. At 0.5 s, it changes to 25.6 V finally. Refer to
Figure 7, when the battery voltage is 26 V, the wireless charging system works in CVC mode and the
reference charging current is 1.47 C. When the battery voltage changes to 24 V, the wireless charging
system switches to work in CCC mode and the reference charging current is 1.7 C. Finally, battery
voltage changes to 25.6 V at 0.5 s, then the wireless charging system works in CVC mode and the
reference charging current is 1.54 C. In these three stages, the desired output voltage V∗d are 550 V, 650 V
and 616 V, respectively. The output powers are 1530 W, 1650 W and 1580 W, respectively. The above
results verify the effectiveness of the dynamical regulation strategy.
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Voltage of battery: 24V 
Charging stage: CCC
Output voltage: 600V
Output power: 1650W

Voltage of battery: 25.6V
Charging stage: CVC
Output voltage: 566V
Output power: 1580W

Voltage of battery: 26V
Charging stage: CVC
Output voltage: 500V
Output power: 1530W

Figure 11. Simulation results of dynamical regulation.
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4.2. Experimental Results

To verify the proposed controller, the real hardware experimental setups have been built.
The overall experimental prototype of charging system are depicted in Figure 12a. Figure 12b shows
the experimental prototype of primary transmitter cabinet and Figure 12c shows the experimental
prototype of secondary receiver cabinet. The electronic components used in the WPT system are shown
in Table 3.

Primary Resonant 
Inductor

DSP Controller
with WIFI

DC/DC 
Converter

DC/AC Inverter

Secondary 
Resonant 

and 
Compensation 

CapacitorAC/DC Rectifier

Secondary Resonant 
Inductor

Battery

Primary Resonant and 
Compensation Capacitor

Primary Control 
Cabinet

Secondary 
Energy Receive 

Cabinet

Battery

Transmitter and 
Receiver Coils

(a)

(b)

(c)

Figure 12. The experimental prototypes. (a) The experimental setup of charging system.
(b) The experimental setup of transmitter cabinet. (c) The experimental setup of receiver cabinet.
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Table 3. Electronic Components in Wireless Charging System.

Parts Specifications Quantity

Battery Vout 24 V/40 Ah 1
DSP controller TMS320F28335 1
IGBT in boost converter S IKW40N120H3 1
Diodes in boost converter Db 40EPF06 1
IGBT driver board DA102D1 1
Mosfets in DC/AC inverter S1,S2,S3,S4 SCH208KE 4
Diode in AC/DC rectifier D1,D2 DSEI 2*61-10B 1

4.2.1. Dynamic Performance Experiment

Similarly, the step-down process and step-up process tests are carried to verify the effectiveness
of the proposed strategy. Figure 13 show the results of step-down process with two different methods.
The results show that the transient time using PID and IDA-PBC are 42 ms and 20 ms, respectively.
The experimental results of step-up process are shown in Figure 14. It shows that the transient time
using PID and IDA-PBC are 36 ms and 14 ms, respectively. The experimental results show the same
conclusion as previous simulation results that a fast dynamic response is achieved. This indicates
that the saved total transient time is 44 ms and about 4.4% more energy can be transferred during a
charging process.

Output voltage

Inductor current

(a)
  

Inductor current

Output voltage

(b)

Figure 13. Experimental results of step-down process applied to two different methods. (a) PID.
(b) Interconnection and damping assignment passivity-based control (IDA-PBC).
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Output voltage

Inductor current

(a)

Inductor current

Output voltage

(b)

Figure 14. Experimental results of step-up process applied two different methods. (a) PID. (b) IDA-PBC.

4.2.2. Charging Power Efficiency

The charging power efficiency is another significant concern. Figure 15 shows the charging power
efficiency of this wireless charging system at different transfer power point. The maximum transfer
power is 1.65 kW, and the maximum transfer efficiency is 92.12%. The minimum transfer power is
0.195 kW, and the minimum transfer efficiency is 82.53%. Figure 15 shows that the transfer efficiency
using IDA-PBC is 2∼4% is higher than that of the PID algorithm. The transfer efficiency is 4% higher
when the transfer power is 0.4 kW. The results also indicate that a higher transfer efficiency can be
obtained when the system achieves a larger charging power.
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Figure 15. Efficiencies at different charging power.

5. Conclusions

In this paper, an energy shaping controller has been proposed. The novel control scheme aims to
obtain the real-time desired power through dynamical regulation strategy for charging power. In order
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to improve the charging power, a transformer is cascaded after the double-sided LCC topology.
The voltage transformation model on primary side and secondary side have been presented, and the
entire power transfer model has been derived. Simulation and experimental results validated the
proposed control scheme, which have shown that the proposed controller can not only ensure the
stability but also achieve fast response of the system. A 1.65 kW WPT prototype in AGVs has been
built to verify the analysis results, and the measured efficiency from DC power source to battery load
was as high as 92.12%.

Author Contributions: Conceptualization, W.C., J.L., S.C. and L.Z.; methodology, W.C.; software, W.C. and J.L.;
validation, W.C., J.L. and S.C.; formal analysis, W.C.; investigation, W.C., J.L. and S.C.; resources, W.C., J.L.,
S.C. and L.Y.Z.; data curation, W.C., J.L. and S.C.; writing–original draft preparation, W.C.; writing–review and
editing, W.C. and J.L.; visualization, W.C., J.L. and S.C.; supervision, J.L. and L.Z.; project administration, W.C.,
and J.L.; funding acquisition, W.C., J.L. and L.Z. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China under contract 61673306.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

WPT wireless power transfer
AGVs automatic guided vehicles
IDA-PBC Interconnection and damping assignment passivity-based control
PBC passivity-based control
EVs electric vehicles
SS series–series
SP series–parallel
PS parallel–series
PP parallel–parallel
ZVS zero voltage switch
DD double-D
PWM pulse width modulation
CCM continuous conduction mode
DCM discontinuous conduction mode
PCH port-controlled hamiltonian
CCC constant current charge
CVC constant voltage charge
SOC state of charge
DSP digital signal processor
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