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Abstract—Dynamic wireless power transmission (DWPT) is a
promising technology as it reduces the battery capacity carried by
automated guided vehicles and lowers its cost and weight. However,
there are large mutual inductance and power fluctuation in the
dynamic charging process. In order to solve this problem, this letter
proposes a low-cost and low-fluctuation dual-receiver magnetic
coupler, which is connected in parallel by two half-bridge rectifiers.
The transmitter employs an I-type solenoid coil to enhance the
magnetic field and improve the coupling. The optimized design of
the coupler structure enables the system to have smooth mutual
inductance fluctuation by switching the two receiving coils with
each other during the dynamic charging process. The experimen-
tal results show that the measured equivalent mutual inductance
fluctuation is 3.6 %, which verifies the feasibility of the optimized
design of the magnetic coupling structure and the effectiveness of
the proposed DWPT system.

Index Terms—Automated guided vehicles (AGVs), dual receiver
(Rx), dynamic wireless power transfer (DWPT), smooth mutual
inductance fluctuation.

1. INTRODUCTION

IRELESS power transfer (WPT) enables contactless
W charging and has been widely used in electric vehicles
[11, [2], [3] autonomous underwater vehicles [4], implantable
biomedical devices [5], and automated guided vehicles (AGVs)
[6], due to its advantages of safety, flexibility, and convenience.
Among them, the AGV, as a cutting-edge product in modern
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automation, has the advantages of flexible path and compact
structure. It has been widely used in logistics industry and
factories, accelerating the development of uncrewed industry.

WPT technology provides a noncontact, isolated, and secure
method of power delivery to AGVs, where charging scenarios
are mainly categorized into static charging [7], [8], [9] and
dynamic charging [10], [11],[12], [13]. Dynamic wireless power
transfer (DWPT) enables real-time charging of AGVs during
movement [14], which reduces the capacity of batteries carried
by AGVs, lowers the cost and weight of AGVs, and greatly
improves their utilization efficiency.

Depending on the structure of the transmitter (Tx), DWPT
systems are able to be categorized into long-track [15], [16], [17],
[18] and short-segmented Tx [19], [20], [21], where the latter
has the advantages of high efficiency and lower electromagnetic
interference and, thus, has been more widely used. Multiple
rectangular unipolar coils are used as Txs to dynamically charge
the vehicle [18], but the close arrangement of Txs causes cross
coupling. Adjacent transmitting coils can be decoupled from
each other by designing a suitable spacing between them [19].
Single-phase dual-receiver (Rx) coils are connected in reverse
to form a three-phase DWPT system to obtain a constant voltage
gain [21]. A new asymmetric coupling structure is proposed in
[22], which significantly improves the stability of the output
voltage in terms of horizontal, vertical, and angular displace-
ments. A positive tetrahedral structure is proposed in [23] that
can receive energy at any angle in space.

In the aforementioned planar Txs proposed for the DWPT
system, cross coupling between adjacent Txs as well as mutual
inductance fluctuations is unavoidable. In addition, for the ex-
isting asymmetric coupling structure is only explored in static
wireless charging, however, its performance in the DWPT sys-
tem is not further investigated. Therefore, based on the asymmet-
ric coupling structure, a low-cost and low-fluctuation dual-Rx
magnetic coupler is proposed in this letter. The two Rx coils
consist of overlapping unipolar and solenoid coils connected in
parallel to two half-bridge rectifiers, which are decoupled from
each other by generating orthogonal magnetic fields. Unlike
the decoupled Rx coils also used in [20], reverse windings
are connected in series within the Rx coils to further smooth the
variation of mutual inductance and, thus, reduce output voltage
or current fluctuations. The Tx employs an I-type solenoid coil
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Fig. 1. Proposed DWPT system. (a) Topology. (b) Equivalent circuit.

to enhance the magnetic field and improve the coupling, and the
cross coupling between adjacent Txs is eliminated by a suitable
spacing design. The optimized design of the coupler structure en-
ables the system to achieve smooth equivalent mutual inductance
fluctuations by switching the two receiving coils with each other
during the dynamic charging process, which provides a stable
output and improves the system’s antimisalignment capability.

The rest of this letter is organized as follows. The proposed
system topology is provided in Section II. The magnetic coupler
structure is presented in Section III. Section IV contains the
calculations and the experimental results. Finally, Section V
concludes this letter.

II. PROPOSED SYSTEM TOPOLOGY

The proposed dual-Rx S-S topology is shown in Fig. 1(a). The
two receiving coils Lg and L are connected in parallel using
series compensation and two half-bridge rectifiers. Viny and
I1n are the input dc voltage and dc current, respectively; Vrec
and Irgc are the charging voltage and the charging current,
respectively; Ry, is the load resistor; L is the Tx coil; Lg and
Lg are the Rxs; Cp, Cg, and C() are the series compensating
capacitors for Tx and Rx. I'7, I'5, and I are the currents flowing
through the Tx and Rx coils; M 75, M 1, and M 5 are the mutual
inductances.

The simplified equivalent circuit of the system is shown in
Fig. 1(b). Since the two receiving coils are connected in parallel,
the equivalent mutual inductance Mg is the larger value of the
two mutual inductances during the dynamic movement of the
AGYV, with the following expression:

Mgq = max {|Mrs|,[Mrql}- )

Since the two Rxs generate orthogonal magnetic fields to the
Tx, the two receiving coils are decoupled, that is, Mgg = 0.
R7 and Ry are the equivalent series resistances (ESRs) of the
Tx and Rx loops, respectively. U7 and Up are the fundamental
components of the inverter and rectifier ac voltages, respectively.
Ryq is the equivalent ac load resistance. The formulas for U,
Ur, and Rpq are
_2V2 V2 2

2
Ur=—"Vnv, Ur=-—Wec, Req=—SRr. (2
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Fig. 2. 3-D view of the proposed magnetic couplers.

Neglecting the ESRs, the expression for the ac voltage can be
obtained using Kirchhoff’s voltage law as
ReqU: U
Ir= —2—05, In=——. @)
(wMpq) wMeq
Thus, the charging voltage Vrgc, the charging current Izgc
at the dc side, and the output power can be expressed as

T 4 Vi _ 4 ViR 5)
REC 72 W MEQ7 REC 2 70-20 Mg .

42 W
Pou = I}Req = [WQ - ]{ZQ Ry. 6)

From (6), the output power is only related to the equivalent
mutual inductance when the input dc voltage and load are
constant. Therefore, a smooth power output can be achieved
by keeping the equivalent mutual inductance constant.

The ac—ac efficiency can be derived as

- I} Reg
]%REQ + I%RT + IIQ%RR.

(M

III. PROPOSED MAGNETIC COUPLER

The proposed magnetic coupler is shown in Fig. 2. The Tx
employs an I-type solenoid coil as it has a more concentrated
magnetic field and improves coupling [24]. The Rx employs a
solenoid coil Lg above and a square unipolar coil L¢ stacked
below, each of which has reverse windings in series to balance
the variation in mutual inductance, where the arrows indicate
the direction of current. When the Rx is aligned with the Tx,
the transmitting coil L1 generates an upward vertical magnetic
flux through the unipolar receiving coil Lg. When the Rx coil
deviates to move in the y-direction, L1 generates a horizontal
magnetic flux through Lg. Since the transmitting coil L7 gener-
ates orthogonal magnetic fields through the two receiving coils,
Lg and L are decoupled, that is, Mg = 0.

Define the equivalent mutual inductance volatility AMgq as

MEQ max MEQ min
AMgo = : . (8)
FQ MEQmax + MEQmin

When the Rx is moving along the y-direction, AMgq is
required to be as small as possible in order to have a stable
output power, with a target of AMgq < 5% during the moving
process. The size and number of turns of the magnetic coupler
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Fig. 3.

TABLE I
PARAMETERS OF THE MAGNETIC COUPLER

Fig. 4.

Optimized mutual inductance fluctuation curves.

)
Inverter

Description Parameter Value
Air gap d (mm) 20
Length of Rx Ir (mm) 250
Width of Rx Wwr (mm) 200
Ferrite size of Rx Fr(mm)  250%200x2
Ferrite plate size of Tx Frp (mm) 50x50x%2
Ferrite core size of Tx Fre (mm)  25x25x100
Distance between two Txs dr (mm) 190
Turn numbers of Tx Nt 28
Turn number of the normal winding of Ls Ng; 19
Turn number of the reverse winding of Lg Ns» 7
Turn number of the normal winding of L, Noi 9
Turn number of the reverse winding of Lq Nz 4

need to be optimized, with the optimization flowchart shown in
Fig. 3. First, it is necessary to ensure that the distance between
adjacent Txs is large enough to be decoupled, through simulation
to obtain their optimal decoupling distance of 190 mm, with
their coupling coefficients k15 = 0.01. Based on this, the initial
dimensions of the Tx and the Rx and the initial number of turns
of the normal winding are defined. The number of turns of the
reverse winding and the length of the Rx are increased at the end
of each simulation to satisfy the constraints of AMgq. After that
the number of turns of the normal winding is added or subtracted
by 1 to get a better performance combination of turns. The final
parameters obtained after traversal optimization are shown in
Table L.

Fig. 4 illustrates the fluctuation of each mutual inductance
after optimization, where the equivalent mutual inductance Mgq
consists of the envelope of the absolute value of mutual induc-
tance. The simulation results show that the fluctuation of Mgq
is 3.28%.

IV. EXPERIMENTAL VALIDATION

In order to verify the performance of the proposed dual-
receiving coupler with smooth output, an experimental prototype
is constructed, and the coils are implemented according to the

Fig. 5. Photograph of experimental prototype.
TABLE II
PARAMETERS OF THE EXPERIMENTAL PROTOTYPE
Symbol Value  Symbol  Value  Symbol  Value
Vinv (V) 50V R (Q) 20 Lo (uH)  31.69
Lt (uH) 151.44  Cr (nF) 23.11 Cq (nF)  110.56
Ls (uH) 52.4 Cs (nF) 66.74 - —
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Fig. 6. Simulated and measured values of equivalent mutual inductance.

optimized parameters, as shown in Fig. 5. The parameters of the
experimental prototype are shown in Table II.

The fluctuation of Myq over the moving range of two Txs
is shown in Fig. 6. It can be obtained that the experimental
and simulated values are highly matched, which verifies the
feasibility of the optimal design of the magnetic coupler, with
the maximum mutual inductance fluctuation AMgq of 3.6%.

Static charging was verified in 10 mm moving steps within
the misalignment range. The calculated and experimental results
are shown in Fig. 7. The latter Tx is the duplicate unit of the
previous Tx. It can be seen that the output current and output
voltage are able to remain stable with their fluctuation of 2.8%.
The output power is also able to remain relatively stable within
the misalignment range, with a measured fluctuation of 5.6%.

Fig. 8 shows the calculated and experimental results of load
regulation, where constant current charging can be realized. The
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Fig. 7. Calculated and experimental results. (a) DC charging current IRgc

and voltage VrRec. (b) DC-DC efficiency and output power.
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Fig. 8. Calculated and experimental results for load regulation.
TABLE III
COMPARISON WITH THE EXISTING STUDIES
. Power . Output
Ref. Airgap capability Efficiency fluctuations
[20] 100 mm 384 W 87.6% +2%
[21] 70 mm 500 W 92.02% +1.17%
[22] 50 mm 200 W 91.9% +2.83%
[24] 25 mm 1.1 kW 87.22% +1.18%
This paper 20 mm 250 W 91.7% +2.8%
~ ur: SQ\_//di_y ur: 50V/div
“hd : NGNS
time: 4 ps/div time: 4 us/div
() (®)
Fig.9. Experimental waveforms. (a) When the receiving coil L is operating.

(b) When the receiving coil Lg is operating.

experimental waveforms are shown in Fig. 9. It can be seen that
the zero-voltage switching has been achieved. Fig. 10 shows the
loss distribution, with relatively high coil losses due to the use of
dual-Rx coils. Experimental results show that the proposed dual-
Rx magnetic coupler is capable of achieving a smooth output.
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Fig. 10.  Loss distribution.

The performance comparisons with previous studies are listed
in Table III. It can be seen that high efficiency and smooth-
output fluctuations can also be achieved using the proposed
I-type solenoid Tx and dual-Rx orthogonal Rx.

V. CONCLUSION

In this article, a dual-Rx coupler applied to AGVs has been
proposed to achieve a stable output during dynamic charging.
The Tx utilizes an I-shaped solenoid structure that enhances the
magnetic field and improves the coupling. The Rx consists of a
unipolar Q-coil stacked with a solenoid coil, which is decoupled
by generating an orthogonal magnetic field. The two receiving
coils are connected in parallel with two half-bridge rectifiers.
The optimized design of the coupler enables the system to
achieve a smooth equivalent mutual inductance fluctuation by
switching the two receiving coils during movement, thus reduc-
ing the output fluctuation. The experimental results validate the
effectiveness of the proposed DWPT system.
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