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Abstract—This paper proposes a tightly coupled induc-
tive power transfer (IPT) system for the low-voltage and
high-current charging of automatic guided vehicles (AGVs).
There are two challenges in the system design. First, the
widely varying range of the airgap introduces difficulties to
design the compensation circuit. Second, the low-voltage
and high-current working condition introduces difficulties
to maintain the system efficiency. This paper reveals that
there are a large amount of high-order harmonic currents in
a tightly coupled IPT system, and we have provided an effec-
tive design method to reduce the harmonics. The integrated
LCC compensation circuit is selected as a solution, showing
four merits: good robustness to the airgap variation, easy
controllability, convenience to optimize the efficiency, and
low high-order harmonics. A prototype is implemented, and
the magnetic coupler size is 220 × 200 × 10 mm. Experi-
mental results show that it achieves 1.78 kW power transfer
from a 300 V dc source to a 24 V battery with 86.1% effi-
ciency and a 73.8 A charging current across an airgap of
15 mm. When the airgap varies between 5 and 25 mm, the
system power variation is within ±36.7% and the efficiency
is not significantly affected.

Index Terms—Inductive power transfer (IPT), low-voltage
and high current applications, tightly coupled.

I. INTRODUCTION

THE loosely coupled inductive power transfer (IPT) tech-
nology has been widely applied in the charging of electric

vehicles [1], [2]. The transfer distance is in the range of one
hundred millimeters, which is the ground clearance of the chas-
sis, resulting in a coupling coefficient lower than 0.30 [3], [4].
However, the system performance can be improved through the
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Fig. 1. Structure of a tightly coupled IPT system for automatic guided
vehicle (AGV) charging.

compensation circuit design, in which the LCC circuit is a good
solution and its working principle has been analyzed [6], [7].

The study of the tightly coupled IPT technology has been
started from the early 1990s [8]. The first commercial product is
the GM EV1, in which a plastic paddle is inserted into an electric
vehicle. However, it is not a strict “wireless” charger because
a heavy cable is still required [9]. The airgap is within 10 mm,
and the coupling coefficient is higher than 0.80, resulting in
a tightly coupled IPT system [10], [11]. Since the paddle size
perfectly matches the vehicle side space, the airgap variation is
neglected, which makes its design and analysis the same as a
conventional transformer. Since then, the research on the tightly
coupled IPT system has been suspended due to the lack of
practical applications [12], [14].

However, as shown in Fig. 1, with the rapid development of
automatic guided vehicles (AGVs) in the logistics industry, it
is meaningful to study its wireless charging. The transmitter is
embedded on the ground side, and the receiver is installed on
the AGV chassis, which provides the charging convenience. The
onboard battery pack is then reduced and the effective working
time is increased. The clearance of an AGV chassis is within
tens of millimeters, resulting in a tightly coupled IPT system.
Therefore, the study of the tightly coupled IPT technology is in
an urgent demand [15], [16].

The previous research on the AGV charging focuses on the
light-duty and low-power applications [17], [18]. However, in
a heavy-duty application, the zero- and full-loading conditions
induce a large variation of the airgap [19]. Since the ground
clearance is small, the self-inductance and coupling coefficient
are significantly affected. The variation can disturb the circuit
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Fig. 2. Structure and dimensions of a unipolar magnetic coupler.

resonance, change the transferred power, and affect the system
controllability [20], [22]. For the safe reason [23], the voltage of
an AGV is usually below 60 V, and typical voltages are 12, 24,
and 48 V. For example, when the voltage is 24 V and the power is
1.8 kW, the charging current can reach 75 A, resulting in a low-
voltage and high-current system. The equivalent load resistance
is only 0.32 Ω, which is difficult to design circuit parameters to
maintain the efficiency and suppress the high-order harmonic
currents [24], [25].

In this paper, the study is motivated by the challenges in
a tightly coupled, low-voltage, and high-current IPT system
for the AGV charging, which are summarized as two parts.
First, the widely varying range of the airgap changes the in-
ductances and coupling coefficient in a magnetic coupler and
introduces difficulties to design the compensation circuit. Sec-
ond, the low-voltage and high-current working condition leads
to an extremely small load resistance and introduces difficulties
to optimize the efficiency.

To deal with these two challenges, this paper selects the LCC
circuit [26], [27] as a solution. It works as a current source to
charge the battery, and the airgap variation does not induce a
significant change in the charging power. Also, the LCC cir-
cuit can achieve the load resistance conversion and increase the
equivalent resistance at the coil side. Therefore, it is convenient
to design the coil and realize the optimal efficiency. In addition,
this paper reveals the high-order harmonics problem in the LCC
circuit and proposes an effective method to mitigate it through
a proper design of circuit parameters.

II. CHALLENGES IN A TIGHTLY COUPLED, LOW-VOLTAGE,
AND HIGH-CURRENT IPT SYSTEM FOR AGVS

In this section, the two challenges are illustrated by design
examples for practical applications.

A. Widely Varying Range of the Airgap

A unipolar magnetic coupler is chosen to realize an IPT sys-
tem, as shown in Fig. 2. The dimensions are shown in Table I,

TABLE I
PARAMETERS DESCRIBING A UNIPOLAR MAGNETIC COUPLER

Fig. 3. Maxwell-simulated self-inductance Ls and coupling coefficient
k at different airgap distances.

and the receiver size is 220 × 220 × 10 mm. In a practical
system, the ground clearance of an AGV chassis is around tens
of millimeters and varies in zero- and full-loading scenarios. In
this example, the varying range is from 5 to 25 mm.

The finite-element analysis of the magnetic coupler is con-
ducted in the Maxwell software, as shown in Fig. 3. The self-
inductance of the one-turn coil is defined as Ls , and the coupling
coefficient is defined as k.

Fig. 3 shows that both Ls and k decrease dramatically with
the increasing airgap. The sensitivity of Ls and k to the airgap
variation is the main difference between the tightly and loosely
coupled IPT systems. In a loosely coupled system, the coil on
one side is placed far from the ferrite plate on the other side, and
the airgap variation has limited effect on Ls and k. However, in
a tightly coupled system, the coil on one side is arranged close
to the ferrite plate on the other side. When their relative position
is changed, both Ls and k are significantly affected. Therefore,
it is important to ensure that the power transfer process can still
be maintained with a wide range of the airgap variation. This
target is the first challenge in designing a tightly coupled IPT
system for the AGV charging application.

B. Efficiency Optimization With Low Voltage and
High Current

The general structure of an IPT system is shown in Fig. 4,
where L1 and L2 are the self-inductances. The angular resonant
frequency is ω0 , the quality factors of the primary and secondary
circuits are Q1 and Q2 , and the equivalent load resistance is
defined as Req . The ratio between Req and the impedance of L2
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Fig. 4. General structure of an IPT system.

Fig. 5. Efficiency of the resonant circuit at different k and load ratio β
when Q = 200.

is defined as β, which is expressed as follows:

β =
Req

ω0L2
. (1)

According to [5], the transfer efficiency η of the resonant
circuit is calculated as follows:

η =
1

1 + 1
βQ 2

+
(
βQ2 + 1

βQ 2
+ 2

)
· 1

k 2 Q 1 Q 2

. (2)

Assuming Q = Q1 = Q2 = 200 as an example, η is calculated
at different k and β, as shown in Fig. 5. It shows that, for a specific
coupling coefficient k, there is an optimal β that can maximize
the efficiency. According to (2), this optimal β is expressed as
follows:

βη max =
√

(1 + k2Q1Q2)/Q2 . (3)

Since kQ � 1, the optimal load resistance Req,ηmax is given
as follows:

Req,η max = k · ω0L2 . (4)

It means the optimal equivalent load resistance Req,ηmax is
equal to the product of k and the impedance of L2 . Then, in a
tightly coupled IPT system, a relatively large k requires a large
Req,ηmax to obtain the maximum efficiency. However, in the
low-voltage and high-current application, the equivalent load
resistance is very small (even less than 1.0 Ω). As a result,
the secondary self-inductance L2 should be extremely small to
optimize the efficiency, which is difficult to achieve in practice.
Therefore, the efficiency optimization in the low-voltage and
high-current condition is the second challenge in the design of
an AGV charging system.

Fig. 6. Circuit topology of a tightly coupled IPT system based on the
LLC resonant converter.

Fig. 7. Equivalent circuit model of a tightly coupled IPT system based
on series–series compensation.

III. SOLUTION-INTEGRATED LCC COMPENSATION

There are mainly three categories of compensation circuits
for an IPT system. First, only one capacitor is added, which is
the LLC converter. Second, two capacitors are added, in which
the series–series (SS) circuit has been widely applied. Third,
three or more components are added, and the double-sided LCC
circuit is a good solution. These three compensation circuits are
analyzed in detail as follows.

A. LLC Converter

The LLC converter with a tightly coupled transformer is
shown in Fig. 6, and the parameter relationship is given as
follows: {

Lmag = k2 · L1 , n = k · √L1/L2

Lr = (1 − k2) · L1 , Cr = 1/(ω2
0 · Lr )

. (5)

According to [28], the capacitor Cr is used to compensate the
leakage inductance Lr , resulting in a constant-voltage working
mode. Meanwhile, the output power can be regulated through
tuning the switching frequency.

However, the disadvantage is that the LLC converter cannot
achieve wireless charging when there is a large airgap variation.
Since the LLC resonant converter works in a constant-voltage
mode, the parameter variation can lead to a dramatic increase
in the charging current, which is dangerous. Then, an additional
control mechanism should be applied to protect the charging
system, but the response speed and reliability are two demand-
ing requirements. Besides, the system cost and complexity are
increased as well.

B. Series–Series Compensation

The SS compensation is shown in Fig. 7, including a square
wave input source and an equivalent resistor Req . The resonant
relationship is L1C1 = L2C2 = 1/ ω2

0 . Since it works as a
current source [29], it is less sensitive to the airgap variation.
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TABLE II
REAL AND IMAGINARY PARTS OF Zin AT DIFFERENT FREQUENCIES

The input voltage V1 contains high-order harmonics (third,
fifth, seventh, . . . ) expressed as follows:

V1 = |Vin | · 4
π
·
(

sin ω0t +
1
3
sin3ω0t

+
1
5
sin 5ω0t +

1
7
sin7ω0t + · · ·

)
. (6)

At a specific frequency ω, the input-side impedance Zin in
Fig. 7 is calculated as follows (7) shown at the bottom of this
page.

Generally, the system parameters are designed to maximize
the efficiency. Therefore, (4) is substituted into (7) to acquire the
impedance Zin at the frequency ωn = nω0 (n = 1, 3, 5, 7 . . .)
shown as follows (8) shown at the bottom of this page.

At the fundamental frequency ω1 = ω0 , the impedance only
contains a real part, which is defined as R1 :

R1 = Zin(ω1) = ω0L1 · k. (9)

Then, the real and imaginary parts of Zin are calculated in
Table II. Since n2 � 1 when n = 3, 5, 7 . . . , Zin is approximated
as follows:

⎧
⎪⎨
⎪⎩

Zin(ω1) = R1 , n = 1

Zin(ωn ) ≈ R1 · k2 + jR1 · 1 − k2

k
, n = 3, 5, 7, . . .

. (10)

According to Table II, the normalized magnitude |Zin |/R1 is
calculated in Fig. 8. Based on (10), the generalized value of
|Zin |/R1 is also provided as a red-solid curve for comparison.

Fig. 8 shows that, at the high-order harmonic frequencies,
Zin is determined by k. In a loosely coupled IPT system with a
low k, |Zin | is much higher than R1 at high frequencies, which
can reduce the harmonic currents. However, in a tightly coupled
system with a high k, |Zin | is smaller than R1 at high frequencies.

Fig. 8. Normalized magnitude |Zin |/R1 at different coupling coefficient
k for different high-order harmonic frequencies.

Fig. 9. Equivalent circuit model of a tightly coupled IPT system based
on LCC-–LCC compensation.

Then, there are harmonic currents that affect the soft-switching
condition and induce extra power losses.

C. Integrated LCC Compensation

The circuit topology of a double-sided LCC circuit is shown
in Fig. 9. The parameter relationship is expressed as follows:
{

ω2
0 · Lf 1Cf 1 = ω2

0 · Lf 2Cf 2 = 1

ω2
0 · (L1 − Lf 1) · Cf 1 = ω2

0 · (L2 − Lf 2) · Cf 2 = 1
. (11)

According to [6], the LCC circuit works as a current source,
and it is less sensitive to the airgap variation, which is an
advantage over the voltage-source converter. In this way, it can
solve the challenge presented in Section II-A.

At the fundamental frequency ω0 , the equivalent load
impedance ZL is calculated as follows:

ZL = RL + jXL = Q2
LReq +

1
jω0Cf 2

(12)

where QL = ω0Lf 2/Req is the load side quality factor. In a
low-voltage and high-current system, since Req is very small,
QL is then very large. The resistance RL is much larger than
Req . Considering the optimal efficiency condition in (4), the
optimal L2 is increased, which realizes the optimal efficiency

Zin(ω) =
L1

L2
· Req · k2ω2L2

2

R2
eq + ω2L2

2 ·
(
1 − ω 2

0
ω 2

)2 + jωL1 ·
(

1 − ω2
0

ω2

)
·

⎛
⎜⎝1 − k2ω2L2

2

R2
eq + ω2L2

2 ·
(
1 − ω 2

0
ω 2

)2

⎞
⎟⎠ . (7)

Zin(ωn ) = ω0L1 · n4k3

n2k2 + (n2 − 1)2 + jωL1 · n2 − 1
n2 ·

(
n2 − 1

)2 − n4k2 + n2k2

n2k2 + (n2 − 1)2 , n = 1, 3, 5, 7 . . . (8)
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and a reasonable value of L2 simultaneously. In this way, it can
solve the challenge presented in Section II-B.

At the high-order harmonic frequencies ωn = nω0 (n =
3, 5, 7 . . .), the impedance 1/ (ωnCf 2) is much smaller than
(ωnLf 2 + Req). Then, Zin is approximated as follows:

Zin = jω0Lf 1 · n ·
(

1 − 1
n2

)
·
[(

1 − 1
n2

)2 − Lf 1 /L1
n4

]
− k2

(
1 − 1

n2

)2 − k2
,

n = 3, 5, 7 . . . (13)

It shows that there exists a critical coupling coefficient kn

that can induce a high-order harmonic current:

kn =

√(
1 − 1

n2

)2

− Lf 1/L1

n4 , n = 3, 5, 7 . . . (14)

If Lf 1 = L1 is taken as an example, (14) shows when k is
0.882, 0.959, and 0.979, the third, fifth, and seventh harmonics
are maximized, respectively, which can cause a severe current
distortion.

According to the previous analysis, the harmonic currents
are increased when two conditions are satisfied simultaneously:
first, the parameters follow the resonant relationship in (11);
second, k reaches the singular value in (14). In a tightly coupled
system, it is unavoidable to satisfy (14) as the airgap decreases.
For example, when the airgap is between 25 and 5 mm, k varies
between 0.68 and 0.92. Therefore, this paper proposes to reduce
the harmonic currents by detuning the parameters, which means
(11) cannot be satisfied when k follows (14).

For example, the circuit resonance can be designed at a k value
of 0.80, which is lower than 0.882. When the airgap decreases,
k approaches 0.882, and (14) is satisfied. However, since the
inductances are increased, (11) is no longer satisfied. In this
way, the harmonic currents are reduced.

The relative increase ratio of inductance is defined as δL .
Then, Zin is rewritten as follows (15) shown at the bottom of
this page.

The impedance of Lf 1 is defined as ZLf 1 = jω0Lf 1 . Then,
the normalized magnitude |Zin |/|ZLf 1 | is compared for the third
and fifth harmonic frequencies with or without the inductance
variations, as shown in Fig. 10. If there is no inductance varia-
tion (δL = 0), Zin decreases to zero at k = 0.882 for the third
harmonic and k = 0.959 for the fifth harmonic, which can in-
duce significant harmonic currents. However, when there is a
20% inductance variation (δL = 0.2), Zin is increased and the
harmonic currents are reduced.

The LCC circuit has two advantages over the SS circuit. First,
it is convenient to optimize the efficiency. The conversion of
the equivalent load resistance provides a wider range to design
L2 in a low-voltage and high-current system. Second, the LCC
circuit can reduce the harmonic currents. An LCC-compensated
system only has one high-order harmonic current at a particular

Fig. 10. Normalized magnitude |Zin |/|ZLf 1 | at different k for third and
fifth harmonics frequencies with and without inductance variations.

TABLE III
SPECIFICATIONS OF A TIGHTLY COUPLED IPT SYSTEM FOR AGVS

k, and it can be reduced by the parameter design. In addition, the
compensation inductors can be integrated into the main coils
to save space, resulting in the integrated LCC compensation
[26], [27].

The analysis of the tightly coupled IPT system is the main
contribution of this paper, which reveals the differences between
the loosely and tightly coupled IPT systems. It points out that
the harmonic currents can be very significant when k is high.
Also, the harmonic currents can be reduced by detuning the
parameters, which provides the guideline to design a tightly
coupled IPT system.

IV. LCC COMPENSATION BASED EXAMPLE

A. Circuit Parameters Design

A 1.8 kW tightly coupled IPT system is designed with the
circuit parameters in Table III.

The input voltage is 300 V, and the battery voltage is 24 V. Un-
der different loading conditions, d varies between 5 and 25 mm.
The middle position (d = 15 mm) is selected to design the ca-
pacitances, and the coupling coefficient k is 0.80. According to
Section III-C, Lf 1 can help reduce the harmonic currents, and
it is 110 μH in this design. Considering the limited space at the
vehicle side, Lf 2 is 3.4 μH. Based on (4) and (12), L2 is selected
to optimize the efficiency. Then, L1 is 150 μH and L2 is 45 μH,
which can also limit the current density within 6 A/m2.

Zin = jω0Lf 1 · n ·
(

1 − 1
n2

)
·
[(

1 + δL − 1
n2

)2 − Lf 1 /L1
n4 ·

(
1 + δL · n2

n2 −1

)]
− k2

(
1 + δL − 1

n2

)2 − k2
, n = 3, 5, 7 . . . (15)
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Fig. 11. LTspice-simulated input and output waveforms of voltages and
currents.

Fig. 12. Finite-element analyzed magnetic field emission of a tightly
coupled magnetic coupler at 1.8 kW output power.

B. Simulation Results

The circuit is simulated in the LTspice software, as shown
in Fig. 11. The unity power factor condition is achieved, which
limits the reactive power. The cut-off current at the switching
transient is positive, which achieves the zero-voltage-switching
condition [6]. The current waveforms are close to the pure si-
nusoidal forms, and the harmonic components are limited. The
total harmonic distortion of I1 is 8.4%, which is mainly induced
by the third-order harmonic.

The FEM analysis of the magnetic field emission is conducted
in the Maxwell software and shown in Fig. 12. The vehicle chas-
sis is considered as a shielding plate, and its size is chosen as 500
× 500 mm. Since the space on the vehicle side is limited, Lf 2 is
integrated into L2 . Based on the ICNIRP 2010 requirement, the
magnetic field strength should be lower than 27 μT [30]. The
simulation result shows that the safe range of this 1.8 kW IPT
system is 80 mm away from the magnetic coupler. Considering
the size of a practical AGV system, it is safe for a human to
appear close to the charging area when it is in the operation
status.

V. EXPERIMENTAL DEMONSTRATION

A. Prototype Implementation

According to Tables I and III, a prototype of the magnetic
coupler is constructed. The 3000-strand AWG 46 Litz wire is
used to make coils. Measurements show that the quality factor
of Lf 2 is 240, which is acceptable in a practical design. In the

Fig. 13. Experimental waveforms when the airgap is 15 mm.

TABLE IV
POWER LOSS BREAKDOWN AMONG THE COMPONENTS IN THE CIRCUITS

design, L1 has 20 turns, L2 has 14 turns, and Lf 2 has 2 turns to
achieve the required inductance.

An inverter with MOSFETs (C2M0025120D) is used at the
input side, and low-loss Schottky diodes (DSSK40-008B) are
used in the rectifier. At the output side, an electronic load in the
constant-voltage mode is used to emulate the battery.

B. Experimental Results at 15 mm Airgap

When the airgap is 15 mm, the experimental waveforms are
shown in Fig. 13.

The experimental waveforms are similar to the simulation re-
sults. At the input side, the soft-switching condition is achieved
for the MOSFETs. At the output side, since the magnitude of the
output current (–I2) exceeds the range of the probe, only one-
sixth of (–I2) is measured. The waveforms also show a slight
phase difference between V2 and (–I2), which is caused by the
parasitic capacitances of the diodes.

When the input voltage reaches 300 V and the output voltage
reaches 24 V, the input power is 2.06 kW and the output power
is 1.78 kW, resulting in a dc–dc efficiency of 86.1% from the
dc source to the dc load. In this case, the charging current to
the battery is 73.8 A, which validates the low-voltage and high-
current design.

Based on the measured quality factor and the datasheets of the
components, the power loss breakdown is shown in Table IV.
Due to the large output current, the rectifier dissipates 44% of
the total loss. The forward voltage of the diode is 0.68 V at 40
A current. In the future design, better diodes or synchronous
rectification may be adopted to further improve the efficiency.
Since the current density in the main coils is limited in this
design, the power loss in L1 and L2 is also limited, which is
only 12% of the total loss. However, because of the high output
current, the power loss in Lf 2 is high, and it can be reduced by
using thicker wire and more magnetic materials.
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Fig. 14. Experimental power and efficiency when the airgap is 15 mm.

Fig. 15. Experimental output power and efficiency when the airgap
varies.

When the airgap is 15 mm, the system efficiency is also
measured at different output powers, as shown in Fig. 14. It
indicates that the designed system can maintain a relatively high
efficiency over a large range of the output power. For example,
as long as the power reaches one-third of the nominal value, the
system efficiency is higher than 85%.

C. Experimental Results With Airgap Variation

Under different loading conditions, the airgap varies, and the
output power and efficiency are measured in Fig. 15.

When the airgap decreases to 5 mm, k is 0.92 and the output
power reaches 2.70 kW. Since the magnetic field strength in the
magnetic coupler increases, the power loss also increases and
the efficiency decreases to 83.8%. When the airgap increases
to 25 mm, k is 0.68 and the output power is 1.25 kW. Since
the magnetic loss is reduced, the efficiency increases to 87.8%.
Therefore, the variation of the efficiency is within ±2.0%, and
the relative variation of the output power δP is calculated as
follows:

δP =
∣∣∣∣
Pmax − Pmin

Pmax + Pmin

∣∣∣∣ × 100% = 36.7%. (16)

Therefore, when the airgap varies from 5 to 25 mm, as long
as the input voltage is controlled within ±36.7% of its nominal
value, the constant-current charging profile can be achieved
without significantly affecting the efficiency.

When the airgap varies, the currents IL1 and IL2 of the main
coils are measured. Experimental results show that the distortion
of IL2 can be neglected. However, the distortion of IL1 can be
very significant. Therefore, the experimental waveforms of the
primary current IL1 are shown in Fig. 16. When the airgap is

Fig. 16. Experimental waveforms of IL 1 when the airgap varies.

TABLE V
FFT ANALYSIS OF THE PRIMARY COIL CURRENT IL 1 WHEN THE

AIRGAP VARIES

small (for example, d = 5 and 8 mm), the distortion of IL1 is
very obvious. When the airgap increases (for example, d = 15
and 25 mm), the distortion of IL1 is reduced.

A further analysis of IL1 using fast Fourier transform (FFT) is
performed in Table V. It indicates that the third harmonic current
dominates the total distortion, which validates the analysis in
Section III-C. When the airgap varies between 5 and 25 mm,
the worst case appears around 8 mm (the measured k = 0.90),
and the distortion is about 24.7%. If the airgap increases to
15 mm, the distortion is only 6.7%, which validates that the
LCC circuit could achieve a relatively low distortion.

VI. CONCLUSION

This paper aimed at the tightly coupled inductive charging of
the AGV. Compared to a loosely coupled system, the proposed
system had two distinguishing challenges: the wide range of
airgap variation and the low-voltage and high-current output
property. Also, this paper revealed that a tightly coupled system
could generate a large amount of high-order harmonic currents.
Therefore, this paper adopted the LCC compensation circuit to
deal with the challenges, and a prototype was implemented.
The magnetic coupler size was 220 × 220 × 10 mm for a
practical AGV application. For the first challenge, when the
airgap varied between 5 and 25 mm, the relative variation of the
output power was within±36.7%, and the system efficiency was
not significantly affected. For the second challenge, it achieved
1.78 kW power transfer to a 24 V battery with a charging current
as high as 73.8 A. Meanwhile, the distortion of the coil current
was limited to 24.7%.
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