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A Multichannel High-Current AGV Wireless Charging System Based on
Perpendicular DD Coil Array and Current Multiplier Rectifier

Yiming Zhang
Xiaoying Chen

Abstract—With the rapid development of wireless power trans-
fer (WPT) technology, high-power wireless charging for the auto-
matic guided vehicle (AGV) has become a hot topic in recent years.
The charging voltage of the AGYV is lower than 60 V, the receiver
current can be tens of amperes, forming a low-voltage high-current
system. In this article, an N-channel interleaved current-multiplier
WPT system is proposed to promote the current level as well as the
system reliability. The perpendicular double D coil array with self-
decoupling is adopted to realize independent power transmission
of each channel. Finally, a four-channel current-quadruple WPT
prototype is built and a series of experiments are conducted. The
results show that the system reaches an output power of about 2 kW
with the efficiency of 87.81%.

Index Terms—Automatic guided vehicle (AGV), current multi-
plier rectifier, high-current output, multichannel, wireless power
transfer (WPT).

I. INTRODUCTION

IRELESS power transfer (WPT) technology [1], [2],
W [31, [4] adopts noncontact charging mode, which avoids
the danger of sparks and electric shock during plugging in and
out, and ensures the safety of personnel and equipment [5], [6],
[7], [8]. It has become the cornerstone of the automatic guided
vehicle (AGV) in industrial automation. To reduce the charging
time, the charging power is continuously improved. Since the
charging voltage of the AGV is lower than 60 V with typical
voltages of 48, 24, and 12V, the receiver current is at least tens
of amperes, forming a low-voltage high-current (LVHC) system
(91, [10], [11], [12].

For the LVHC-WPT system, the main challenge is the high
rating requirements and high conduction loss of devices. To
solve this challenge, a dual-channel paralleling WPT system
based on bilateral coil decoupling was proposed in [13], which
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reduces the current on each channel and improves the stability of
the system without affecting the power. The double D (DD) coil
was horizontally stacked on the ferrite, and the solenoid coil was
nested and wound on the DD coil and ferrite, eliminating addi-
tional cross coupling, and the coil was compact. The expansion
of number of paralleling channels is limited due to the use of
vertical magnetic field to realize coil decoupling, and the devices
still face challenges when facing higher transmission power.

To face higher power, scalable multichannel paralleling WPT
systems have become the preferred solution. A multiphase inter-
leaved WPT system was proposed in [14], with an interleaved
control strategy to an N-phase system of a phase shift of 7/N,
reducing output current ripples. In [15], a three-loop strategy
is adopted to realize power balance among the multiple chan-
nels. For the aforementioned method, the number of paralleling
channels is unlimited and can be expanded as required. With
the increase of number of paralleling channels, the transmission
power also increases.

In addition to using the multichannel paralleling system, the
current doubler rectifier (CDR) is also commonly used for
high-current output. A current doubler synchronous rectifier
instead of a traditional full-bridge rectifier was proposed in [16],
utilizing the energy storage characteristics of inductors during
the cycle to achieve multiple current pulses and improve the
output current. Adding additional inductors changes the original
resonance relationship, so parallel compensation is adopted,
resulting in the system being sensitive to parameter changes
and experiencing significant transient response shocks.

To solve the problem of changing the output characteristics of
energy storage inductors, introducing negative coupling between
energy storage inductors was proposed in [17], which has output
characteristics similar to the full-bridge rectifier and can be
compensated in series, with strong applicability.

Combining the advantages of two existing high-current output
methods, this article proposes an N-channel interleaved WPT
system with a current multiplier rectifier (CMR), where the
number of paralleling channels can increase with the power
level demand without limitation, and the input characteristics
are similar to full-bridge rectifier. The main contributions of
this article are as follows.

1) Onthe basis of the dual-channel CDR, the design principle

of the system is elaborated and extended, and a general
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Fig. 1.
circuit.

Proposed N-channel interleaved CMR. (a) Topology. (b) Equivalent

mathematical model of the N-channel CMR is established.
Without altering the resonance relationship and system
characteristics, the CMR achieves higher step-down from
input to output.

2) By adopting a control strategy of interleaved conduction,
the output of the rectifier is not merely the simple paral-
lel superposition of currents, but instead, the maximum
current at any given moment is selected for superimposed
output, which can effectively increase the current gain.

3) A perpendicular DD coil array structure is proposed,
which realizes the cross-coupling between nonpositive
coils through perpendicular magnetic field distribution,
effectively eliminates the power coupling problem caused
by cross-inductance, and is flexible and free in the expan-
sion direction.

4) The proposed multichannel system can be added on the
basis of the original system when expanding the new
channel, avoiding redesign, and has the characteristics of
high system compatibility.

The rest of this article is organized as follows. Section II
details the N-channel interleaved CMR topology. Section III
presents the magnetic coupling structure. In Section IV, a four-
channel prototype is constructed and experiments are carried
out to verify the proposed control strategy. Finally, Section V
concludes this article.

II. PROPOSED HIGH-CURRENT OUTPUT METHOD

To avoid confusion in variable naming, the following variable
naming formats are explained. For vectors under ac equivalent
circuits, they are uniformly capitalized and bolded. The constant
scalar in the rest of the dc circuit is indicated only in uppercase,
and lowercase variables indicate that it will change over time.

A. Topology and Modeling

The proposed N-channel interleaved CMR topology and
equivalent circuit are shown in Fig. 1(a) and (b). The interleaved
control strategy is applied in different legs with a phase shift of
27/N. Vinvy and U, are the inverter dc voltage and fundamental
ac voltage of the channel 7, respectively. They can be expressed
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Fig. 2. Rx equivalent circuit.

as

_ V2Vinv
—

Ur; (1)

Lv; (Lgr;) and It; (Ir;) are defined as the self-inductance
and current of the transmitting (Tx) (receiving, Rx) coil of the
Channel i. Ct; and Cg; are the compensation capacitors. In
the proposed topology, only couplings between coil pairs are
considered, which are defined as Mrir1, MT2R2, ..., MT NR N,
and the other cross couplings are neglected.

Assume the parameters of each channel are identical, namely

Mrir1 = Mror2 = -+ = Mryry = MR ?)
Rrq1 = RtEQ2 = -+ = Reon = Rig :
The system works at the resonant angular frequency w
1 1
w (3)

~ VL1Cri  VIriCri
Using Kirchhoff’s voltage law (KVL) and ignoring the Equiv-
alent Series Resistances, one can get

Urp; = (jWLTi + #) It —jwMmIRri

jwCr;

, , N C))
jwMmrIT; = (JWLRi + W%R + REQ) Ig;
Correspondingly, the current in each branch is
UriREq Ur;
Itvi = ——Iri= ——- (%)
T Mz, T T WMy

B. Current Multiplier Analysis

Based on aforementioned analysis, the Tx can be converted
to the Rx as a current source, as shown in Fig. 2.

In Fig. 2, the N-channel CMR is shown, which consists of
N transformers and diodes. Vrgc and Ry, represent the output
voltage and load resistance, respectively. u; and i; are the voltage
and current on the transformers, respectively.

For equivalent current sources, the voltage at both ends is the
highest at the peak current, while the diode in the CMR uses
a common anode connection, which is clamped off. As each
current source is staggered and continuously feeds the output,
the position of the shutdown diode is also shifted at 27/N, and the
corresponding operating modes and key waveforms are shown
in Fig. 3.

When wt € [n/2 — w/N ~ 7/2 + w/N], the CMR operates
in Mode 1, D; is turned OFF, Dy to Dy are turned ON. Using
the KVL and considering characteristics of the transformer, the
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Fig.3. Working modes. (a) Key waveforms. (b) Mode 1. (c) Mode 2. (d) Mode
i. (e) Mode N.

currents i; and voltages ug; (u;) are expressed as

UR1 = u1 — U2 + Vrec

urz =+ =urn =0 ©)
Uz — Uy =---=uUN —UN—1 = U —uy = VRec
i1 = =in = V2Ig; sin(wt)

Correspondingly, the voltages ur; of current source and
u1— us of the transformer are derived as

ur1 = NVrec
Uy — Uz = (N — I)VREC '

When wt € [7/2 + w/N ~ /2 + 37/N], the CMR operates in
Mode 2, D5 is turned OFF. The currents i; and voltages ug; (u;)
are expressed as

(N

UR2 = ug — u3 + Vrec

URz = -+ = UrN = Ur1 = 0
Ug—U3 =" =UN—UN_1=U] —UN =Uz— U] = VREC
i1 =+ =in = V2Igy sin (wt — 2F)

3
Similarly, the voltages uro of current source and us—us of
the transformer are derived as

ur2 = NVrec )
U2 — U3 = (N — I)VREC ’
When wi € [1/2 + (2N-3)7/N ~ /2 + (2N-1)7/N], the CMR

operates in Mode N, Dy is turned OFF. The currents i; and
voltages ug; (u;) are expressed as

urN = U1 — un + Vkec
URl = =ug(n-1) =0
Uy — Uz =---=unx-1 — Uy = VReC

i1=-~-:iN=\/§IRlsin(wt—W>

(10)
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Fig. 4. Traditional N-channel interleaved topology. (a) MPR. (b) PCDR.

Based on aforementioned analysis, the voltages ug y of cur-
rent source and u; —u y of the transformer are derived as

{URN = NVrec

. 11
Uy —uUunN = (N — ]-)VREC ( )

Considering no dc current can pass through capacitance, the
dc component of i1 + iy + ... + iy must be equal to the load
current Irgc. By equating dc components, it is obtained as

V2 & 2Viny V2 s
ee = Y2 [T ietaten = 20 (7Y
REC 277/0 ;l (wt)d(wt) 2wlMis Sin N

12)
By Fast Fourier Transform, the fundamental wave component
corresponding to Ugr is calculated as

1 2m

Ur; = ur;(wt) sin(wt)d(wt)

2 Jo

_ 2RuUnN? (sin(”))z. (13)

Y ZWMTR N
The equivalent resistance of the CMR can be modeled as a
pure resistive load Rgq as follows:

Reqg = Reqi = % = %N?’ (sin (%))2

(14)
C. Comparison With the Traditional High-Current Output
Method

To illustrate the advantages of the proposed CMR, the tra-
ditional multiphase rectifier (MPR) and parallel current dou-
bler rectifier (PCDR) are compared under the same number
of channels and interleaved control. The traditional N-channel
interleaved MPR and PCDR topologies are shown in Fig. 4(a)
and (b), respectively, only the rectifier structure is different
compared with Fig. 1(a).

Considering the analysis method and the equivalent circuit of
MPR and PCDR are similar to the previous paper, it will not
be repeated here. The key parameters of three topologies and
current waveforms on each channel of the rectifier are shown in
Table I and Fig. 5, respectively.
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TABLE I

COMPARISONS OF MPR, PCDR, AND CMR

Rectifier MPR PCDR CMR
I 2\/ERLVINV N Z\/ERLVINV AN 2\/§R1_V|Nv N3 si % ’
T 3P M2 Sl M2 S M2 Sm(N)
7T Mg " My 7T Moy
, V2 V2 V2V
A M My M
2V 2 2 .
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Fig. 5. Current waveforms of Rx and rectifier. (a) MPR. (b) PCDR. (c) CMR.

In Fig. 5(a), the current passing through each channel of the
MPR is a half sine wave due to the unidirectional conductivity of
diode, maintaining a phase shift of 27/N between the different
channels, and finally superimposing the outputs. In Fig. 5(b),
the freewheeling characteristics of the transformer allow current
to pass through each channel of the PCDR as a whole sine
wave. In Fig. 5(c), the channels of the CMR are interrelated,
and the current passing through each channel is no longer a
simple sine wave, but an envelope composed of its maximum
current.

In addition to the analysis of each channel waveform de-
scribed previously, the current gain from the receiver to the load
is plotted in combination with the information in Table I, as
shown in Fig. 6. When the number of channels is 2, the CMR
and PCDR have the same topology and the current gain is the
same. With the number of channels increases, the growth rate of
the CMR is significantly faster than that of the PCDR.
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Fig. 6. Comparison of current gains of CMR, PCDR, and MPR systems.
(b)
Fig. 7. Typical DD coil structure. (a) Direction I. (b) Direction II.
- W Lri s L
W Lo~ Ly
< WLy Lns
e i Lra~ Lrs
Ferrite
Fig. 8. Proposed four-channel WPT couplers.

III. DESIGN OF THE MAGNETIC COUPLER

The typical DD coils of the WPT system have two main types
of placements, as shown in Fig. 7. It shows that both types of
coils generate a magnetic field perpendicular to the direction of
placement. For DD coils with different placement directions, the
magnetic flux is symmetrical, and the positive inflow magnetic
flux is equal to the negative inflow magnetic flux. Therefore, the
net magnetic flux is 0, the mutual inductance is also 0, and the
coils are decoupled from each other.

To ensure that each channel transmit power evenly without
energy coupling, a perpendicular DD coil array structure is
designed based on the aforementioned coil decoupling method,
in which adjacent coils are consistent and rotated 90° to achieve
consistent mutual inductance without cross coupling. Taking the
four-channel WPT system as an example, the couplers are shown
in Fig. 8. It contains eight coils, namely Lt; and Lr; (1 <i+#j
<4). The mutual inductance between L, and Ly ; are defined as
M r;, and the mutual inductance between Lt; (Lr;) and Lt
(Lr;) are defined as Mt;1; (MRRr;)-

To verify the performance of the structure shown in Fig. 8, a
simulation model is established in which the ferrite size is 500
mm X 500 mm and air gap is 70 mm. The mutual inductance
between Lty and other coils is shown in Fig. 9 as the number of
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Fig. 10.  Mutual inductance variation with offset. (a) X-axis. (b) Y-axis.

turns change. The mutual inductance increases with the increase
of the number of turns, but the cross-mutual inductance grows
slowly, and the amplitude is small compared with M1R;.

Fig. 10 shows the mutual inductance change when the coil is
offset in the X- or Y-direction. The mutual inductance MTir1
decreases with the increase of offset, while the cross inductance
is always small. When offsetting to 75 mm in the X-direction,
the mutual inductance Mrir; drops to 0, while the mutual
inductance offset along the Y-axis decreases by only about 1/3.
This is because the positive inflow magnetic flux decreases when
moving in the Y-direction, and the net magnetic flux decreases
as it moves along the X-axis, except that the positive inflow
magnetic flux decreases and the negative inflow magnetic flux
begins to increase, the net magnetic flux and mutual inductance
decrease faster.

In addition, the proposed coupling structure also has the
characteristics of flexible expansion of the number of channels,
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Fig.

Fig. 12.  Experimental platform of the proposed system.
TABLE II
PARAMETERS OF EXPERIMENTAL PROTOTYPE
Vinv 140 V A 85 kHz Ry 12Q d 70 mm
Lr 72.8 uH Ly 72.1 uH Mg 14.1 uH Cry 48.2 nF
Lty | 70.6uH | Lyo | 73.04H | Mo | 13.5uH | Cr | 49.70F
Ly | 73.0uH | Les | 72.5uH | Mpws | 13.9uH | Crs | 48.10F
Ly T20uH | Lps | 732uH | Mrags 13.6uH | Cry | 48.7nF
Cri 49.6 nF Ly, 241 uH Ly 241 uH M, 240 uH
Cro | 4790F | Ly | 19741 | Ly 197, | My | 195uH
Crs 48.4 nF Ly, 217 uH Ly 217 uH M; 215 uH
Cra 47.9 nF Ly 231 uH Ly 231 uH M, 229 uH

which can face different levels of current output requirements.
Based on the four-channel system, the coupling structures of
six-channel and nine-channel systems are modeled in Fig. 11(a)
and (b). With the increase of the number of channels, the coils
can be expanded individually in a single direction or in multiple
directions at the same time under the premise of ensuring that
the adjacent channel coils are perpendicular to each other, with
a high degree of freedom.

Asnew channel being added, they can be added on the basis of
the original without redesigning, and can be directly spliced and
expanded between different channel systems, indicating that the
coupling structure proposed in this article has high compatibility.

IV. EXPERIMENTAL VALIDATION
A. Experimental Setup

To verify the effectiveness of the proposed topology, a
2-kW WPT system with 140-V input and 48-V output voltage
is established, as shown in Fig. 12. The structure of coils is
consistent with the design in Fig. 8. The main parameters of the
system are shown in Table II.

B. Experimental Results

In Fig. 13, the waveforms of the inverter (U, IT;) are de-
picted. The current is still sinusoidal and the proposed N-channel
CMR has no impact on the Tx circuit behavior. The difference
is only 1/4 cycle from the adjacent channels. Meanwhile, the
MOSFET of all channels can realize zero-voltage switching.
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TABLE III
EXPERIMENTAL RESULTS WITH DIFFERENT OUTPUT POWER

Input Power Output Power Efficiency
22223 W 19513 W 87.8%
1058.4 W 926.2 W 87.5%
706.9 W 610.7 W 86.4%
6175 W 5223 W 84.6%

Fig. 14 shows the current of the Rx coils and transformers.
The current flowing through each transformer is consistent,
which is the envelope of Rx coil current and is composed of
the part with the largest current on each channel. Each channel
provides energy feedback output alternately, and each channel
only provides 1/4 cycle energy.

Combined with the waveform under the rated power, it can
be seen that the resonance relationship of the system has not
changed, the current on Tx and Rx still maintains the sinusoidal
waveform, and the current on the CMR is the peak envelope of
the Rx current, which is consistent with the previous analysis.
The waveforms between the channels are 90° different in phase,
and the power transmission is independent of each other. In
addition, different output power levels are also experimented
with the constant output voltage. The input power, output power,
and efficiency are shown in Table III.

V. CONCLUSION

Under the high-current requirement of different levels, an N-
channel interleaved current-multiplier WPT systems is proposed
in this article, which has the characteristics of high scalabil-
ity, current gain, and system compatibility. By modeling and
analyzing, the input characteristics of the N-channel CMR
is consistent with the output characteristics of the S-S
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compensation network when expand, and can be directly con-
nected in practical applications. The coupling structure adopts
perpendicular DD coil array structure, which not only avoids
the influence of cross inductance on the system, but also ensures
the consistency of mutual inductance between facing coils and
improves the stability of the system. The experiment results
indicate that the 48-V 40-A output with the efficiency of 87.8%
can be achieved. In the expansion, the required devices for each
channel can be added directly on this system without the need
for redesign.
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